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Abstract 
Globally, environmental pollution such as greenhouse gases and microplastics are ubiquitous 
throughout nature. Long-term negative environmental effects and bioaccumulation of 
anthropogenic compounds within the food-chain is widely reported. Cigarette filters are the 
single most littered item with over 4 trillion smoked cigarette filters entering the environment 
every year. Studies estimate that over 66 % of smokers incorrectly dispose of their cigarette 
filters culminating to a total annual of 750 million kg of pollution. The fate of an incorrectly 
discarded cigarette filter causes damage in two major manners. Firstly, a smoked cigarette filter 
acts as a vector for a myriad of toxic compounds and heavy metals. Secondly, cigarette filters 
are made of 15 000 or more cellulose acetate fibers linked together by glycerol triacetate. 
Throughout the degradation process, these toxic compounds and microscopic cellulose acetate 
fibers leach into the environment. Cigarette filters mostly enter the environment through 
sewerage and drain water systems that enter into the ocean. Consequently, chemically derived 
cellulose has been reported covering over 2 billion km2 of the ocean seabed contributing to the 
microplastic deep sea sink and marine microplastic epidemic. Research on cigarette filter 
degradation indicates that after five years, depending on the environment, the total mass loss 
can range between 50 – 80 %. Estimates suggest that a cigarette filter can remain within the 
environment for up to ten years. The continual deposition of cigarette filters within the 
environment highlights the necessity for recycling solutions and effective waste management 
of cigarette filters. 
A cigarette bin could serve as a genetically resourceful environment, where the microbial 
community partake in a synergistic process for the degradation of cigarette filters. This study 
centers around a cigarette bin that was theorized to be inhabited by micro-organisms capable 
of efficiently degrading cigarette filters. The bacterial community within the cigarette bin was 
previously investigated using 16S small subunit rRNA metagenomic sequencing, as well as a 
metagenomic library. The aim of this project was to investigate the cigarette bin for cultivatable 
fungal isolates and select an isolate for in vitro enzyme analysis using para-nitrophenyl-linked 
substrates that mirrors the catabolic pathway of cellulose acetate. Four fungal isolates were 
cultivated from the cigarette bin and designated I1, I2, I3, and I4. Phylogenetic inference for 
the four isolates identified as Mucor circinelloides f. circinelloides (I1, I2, and I3) and 
Fusarium proliferatum (I4). The four isolates were screened via multiple functional plate-based 
screening recipes for the selection of a candidate isolate for in vitro enzyme analysis. The 
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candidate isolate selected was Fusarium proliferatum due to the successful screening and 
observed genetic adaptability towards carboxymethyl cellulose. The in vitro enzyme analysis 
of Fusarium proliferatum indicated a β-glucosidase activity of 115.7 nkat/mg of protein 
towards 4–nitrophenyl–β–D–glucopyranoside and acetyl esterase activity of 157.9 nkat/mg of 
protein towards 4–nitrophenyl acetate. These preliminary results infer the potential 
applications of Fusarium proliferatum for the remediation of cigarette filter pollution. 
Valorization of cigarette filters within a fungal-based biorefinery using Fusarium proliferatum 
could generate bioethanol and other high-value products. 
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Chapter 1 
Cigarette filters: an environmental pollutant or resourceful 
genetic toolbox? 
Cigarette filters are now considered a greater environmental pollutant than 
microplastics 
 
A rapid economic development during the 20th century fueled by urbanization and the industrial 
revolution has resulted in anthropogenic pollution (Alharbi et al., 2018; Sexton and Adgate, 
1999). An increased rate of pollution (such as greenhouse gasses and microplastics) has given 
rise to long-term negative environmental effects and bioaccumulation of anthropogenic 
material within the environment and the food-chain is widely reported (Clarkson, 1995; Rather 
et al., 2017; Yi et al., 2008). Recent attention from the scientific community, environmentalists 
and legislators have raised concerns regarding the negative impact the tobacco industry 
imposes on both sustainable and responsible economic growth. The World Health Organization 
(WHO), has spearheaded the implementation of progressive legislation in order to guide Parties 
on tobacco control (https://www.who.int/tobacco/global_report/en/). Within the last few 
decades, progressive legislation on tobacco control has been adopted by over 136 countries, 
protecting five billion people around the world from tobacco products.  
 
Despite the improvement from a policy perspective, the reality has not changed much within 
the last 40 years. In 2012 alone, 6.25 trillion cigarettes were smoked with an estimated 750 
million kg of cigarette filters resulting as litter (Ng et al., 2014; Novotny et al., 2009). In 2016, 
the annual number of cigarettes smoked decreased to 5.7 trillion however, this number is 
predicted to increase again to 9 trillion by 2025 due to the increasing global population 
(Mackay et al., 2006). Tobacco Atlas, an association project of the American Cancer Society 
and Vital Strategies, indicates that cigarettes smoked per region from 1980 to 2016 suggests 
future trends for increased numbers of smokers in Asian-, African- and Eastern Mediterranean-
regions, while European- and American-regions indicate a steady decline (Fig. 1). 
Additionally, the global per capita of cigarettes smoked indicates a causative effect on global 
cigarette filter waste with Asian-specific regions having the highest cigarette filter pollution 
(https://tobaccoatlas.org). The WHO (2017) indicates that up to two-thirds of smokers 
incorrectly dispose of their cigarette filters, while another study suggests that number is to be 
above 70 % (Patel et al., 2012). As a result, an estimated 4.5 trillion smoked cigarette filters 
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Environmental reports indicate that cigarette filters are a hazardous anthropogenic material 
within the environment, culminating in one of the biggest risk factors to both terrestrial and 
marine ecosystems (Araújo and Costa, 2019a, 2019b; Booth et al., 2015; El Hadri et al., 2020; 
Green et al., 2019, 2020; Kataržytė et al., 2020; Moriwaki et al., 2009; Micevska et al., 2006; 
Novotny and Slaughter, 2014; Slaughter et al., 2011; Torkashvand et al., 2020; Wright et al., 
2015). The Ocean Conservancy has annually sponsored beach clean-ups since 1986, with 
cigarette filters topping the list consecutively every year; a total of over 60 million cigarette 
filters collected (Ocean Conservancy, 2018). The extent of cigarette filter pollution is 
highlighted in sampling studies indicating cigarette filters are the most littered item 
contributing to 6 – 14 % of total litter recovered from beaches in Europe (Addamo et al., 2017). 
More recently, cigarette filters were determined to contribute up to 41 % of total items from 
Lithuanian beaches and up to 85 % of total items from German beaches (Kataržytė et al., 2020). 
This correlates to 0.54 cigarette filters/m2 in Lithuania and 29 cigarette filters/m2 in Germany. 
Other studies have reported 13.3 cigarette filters/m2 (Thailand) and 38 cigarette filters/m2 
Figure 1: Number of cigarettes smoked in 1980 and 2016 per region in trillions. AFRO: African 
Region; EMRO: Eastern Mediterranean Region; EURO: European Region; AMRO: American Region; 
SEARO: South-East Asia Region; WPRO: Western Pacific Region (excluding China). 
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(Persian Gulf) from beaches within these locations (Dobaradaran et al., 2018; Kungskulniti et 
al., 2018). Such sampling studies focused on cigarette filter pollution indicate to the severity 
of cigarette filters, the single most littered item. 
 
Decomposing cigarette filters result in the leaching of several toxic compounds 
into the environment  
 
Cellulose acetate forms part of a collective material known as rayon; a non-plastic, semi-
synthetic material derived from chemical processing of cellulose. Rayon contributes 6.2 % of 
global fiber production, an annual total of 6 700 million kg, and is used in numerous 
commercial sectors such as hygiene products, clothing manufacturing and cigarette filter 
production (Suaria et al., 2020). Mostly, rayon enters the environment through sewerage and 
drain water systems that connect to the ocean. A key property of marine debris is the density 
of the material with respect to seawater. Cigarette filters have a specific gravity of 1.22-1.24, 
resulting in a rapid negative buoyancy effect (Andrady, 2011; Lobelle and Cunliffe, 2011). The 
previously unaccounted extent of global microplastics and microfibers has been resolved by 
identifying the ubiquitous prevalence of microplastic fibres on the ocean seabed, indicating 
four times more microplastics within deep sea samples compared to that of water surface 
samples (Gago et al., 2018; Cozar et al., 2014; Woodall et al., 2014). The exact percentage that 
cigarette filters contribute to the marine microplastic crisis is unknown, however, the sheer 
number of cigarette filters annually resulting as litter is noteworthy and concerning (Andrady, 
2011).  
 
Consequently, the major environmental concern of a cigarette filter are the cellulose acetate 
fibres that constitute the cigarette filter. A cigarette filter is made of approximately 15 000 or 
more cellulose acetate fibres that are linked together by a plasticizer known as glycerol 
triacetate (Hon, 1997; Novotny and Slaughter, 2014). As the cigarette filter begins to degrade, 
these microscopic cellulose acetate fibres fragment and leach into the environment. 
Consequently, rayon is widely reported in marine environments covering 2 billion km2 of ocean 
seabed, forming part of the microplastic deep sea sink and marine microplastic epidemic 
(Woodall et al., 2014). Additionally, rayon has been identified in the gastrointestinal tract of 
fish (57.8 % of synthetic particles identified were rayon derived) and ice cores (54 % of 
synthetic particles identified were rayon derived) which further illustrates the ubiquitous nature 
thereof (Lusher et al., 2013; Obbard et al., 2014).  
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Compounded to cigarette filter pollution, during the biodegradation period, the smoked 
cigarette filter acts as a vector for a myriad of toxic compounds and heavy metals retained 
within the filter (Table 4; Supplementary data). Cigarette filters can contain over 4 000 
chemicals consisting of various alcohols, alkaloids, aromatic amines, carbonyls, hydrocarbons, 
insecticides, metals, nitrosamines, NPAHs, PAHs, phenols, phthalates, pyrazines, pyrroles, 
terpenes and terpenoids (Hoffmann and Hoffmann, 1997; Novotny et al., 2009; Poppendieck, 
et al., 2016; Slaughter et al., 2011). Of this extensive list of chemicals within cigarette filters 
and tobacco, many are noted as harmful or potentially harmful constituents by the US Food 
and Drug Administration (FDA). These toxic compounds found within cigarette filters leach 
into the environment, as many, such as nicotine, are soluble. Recent studies provide some 
quantification of the negative impact cigarette filters impose on marine and terrestrial wildlife. 
Cigarette filter pollution has been shown to effect a range of organisms with respect to adverse 
growth, changes in physiology, behavioural variations, genotoxicity, and cytotoxicity (Booth 
et al., 2015; Di Giacomo et al., 2015; Green et al., 2019; Micevska et al., 2006; Slaughter et 
al., 2011; Wright et al., 2015).  
 
Commercially available cigarettes are made up of various components and contain several 
toxic compounds (Fig. 2). After the smouldering phase of a cigarette, remnant tobacco and the 
cigarette filter remain. Once discarded, the fate of a cigarette filter is subject to two main forms 
of degradation: photodegradation and biodegradation (Puls et al., 2010). Photodegradation is 
an important route for the degradation of cigarette filters within the environment (Puls et al., 
2010). However, the rate of degradation is not influenced significantly through 
photodegradation alone. Cellulose acetate has an absorption wavelength of ~260 nm, which is 
less than the 300 nm threshold wavelength of sunlight entering the earth’s atmosphere (Hosono 
et al., 2007; Jortner et al., 1959). This suggests that the formation of free radicals initiated 
through absorption of sunlight does not occur from cellulose acetate. Rather, secondary 
mechanisms of photodegradation occur when contaminates enter the system capable of 
absorbing sunlight and subsequently producing free radicals eliciting photocatalytic oxidation 
or photosensitized degradation of cellulose acetate (Puls et al., 2010). Although now 
considered biodegradable, early reports on cellulose acetate falsely labelled the material as 
non-biodegradable (Potts et al., 1972). This was largely due to drawing comparisons to 
cellulose degradation without considering additional enzymatic mechanisms required. 
Currently, we understand the rate limiting step of cellulose acetate degradation to be 
deacetylation, the key mechanism for the initiation of cellulose acetate degradation. (Ho et al., 
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1983; Samios et al., 1997). Nevertheless, using carbon-13 cross-polarization magic-angle-
spinning nuclear magnetic resonance (13C CPMAS NMR), a study investigated the degradation 
of cigarette filters under various conditions and revealed that after two years 20 – 30 % of the 
filters initial mass was lost (Bonanomi et al., 2015). While after five years, depending on the 
environment the cigarette filters were incubated, 50 – 80 % of the cigarette filters initial mass 
was lost (Bonanomi et al., 2020). No peer-reviewed work on long-term cigarette filter 
decomposition is available however, estimates suggest that cigarette filters can remain within 




Figure 2: A commercially available cigarette listing the main components and several toxic 
compounds. After the smouldering phase, remnant tobacco and the cigarette filter remain. The major 
chemicals noted as harmful within the different components of a cigarette are listed (image adapted 
from Marinello et al., 2020). 
 
The ‘microbiome’ of a cigarette bin: potential for natural decomposers 
 
The degradation of anthropogenic material requires a complex interplay of geochemical, 
physical, and biological factors within a polluted environment (Alharbi et al., 2018). 
Consequently, the structure and dynamics of micro-organisms are largely responsible for the 
in situ degradation of anthropogenic material (Atlas, 1981; Rhee et al., 2004). From an 
ecological perspective, cigarette filter pollution imposes a serious threat to both marine and 
terrestrial wildlife. However, from a genomic perspective, a cigarette bin could serve as a 
resourceful environment where the microbial and fungal community partake in a synergistic 
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process for the degradation of cigarette filters (Puls et al., 2010). The community of micro-
organisms within a cigarette bin would herald enzymes capable of degrading cigarette filters, 
including the toxic chemicals and heavy metals associated with the environment (Mittal et al., 
2019; Reinthaler et al., 2003). This microbiome within the cigarette bin would therefore also 
encompass the total genomic DNA for the establishment of a complete degradative pathway 
for cigarette filters. In this regard, the microbial ecology of a cigarette bin could potentially 
lead to the identification of novel species/enzymes while determining potential remediation 
solutions for cigarette filter pollution.  
 
Understanding how degradative pathways are established from novel substrates centres at the 
crux of evolutionary biology. Research suggests that novel enzyme activities evolve from 
changes within promiscuous ancestral enzymes (Guzmán et al., 2019). Promiscuous ancestral 
enzymes permit early mutational events for novel capabilities and phenotypic improvements 
(Khersonsky and Tawfik, 2010). Evolutionary changes within these regions of DNA allow for 
the generation of novel metabolic pathways from non-native substrates (Copley, 2000; Huang 
et al., 2012; Jensen, 1976; Schmidt et al., 2003). Mutational events and the genetic adaptability 
of an organism during the growth on non-native substrates highlights the complexity of 
evolutionary dynamics and physiological mechanisms (Khersonsky and Tawfik, 2010). 
Expanding on this concept, the comparison between gradual genetic improvements and early 
mutations must be distinguished. Gradual genetic improvements result in improved enzyme 
kinetics for substrate specificity or, adapting expression through regulatory elements. Early 
beneficial mutations endow an organism with novel enzymatic capabilities enabling the 
proliferation within a new ecological niche (Barrick and Lenski, 2013; Wagner, 2011).  
 
 
Although studies do expand on the microbial ecology of tobacco leaves, cured tobacco, 
unsmoked cigarettes during storage, and the human microbiome of smokers; cigarette filter 
waste is under-reported (Chopyk et al., 2017; Huang et al., 2010; Pauly et al., 2007; Sapkota 
et al., 2010; Zhou et al., 2020). Species such as Bacillus, Kurthia and Mycobacterium were 
identified in smoked cigarette filters; however, these studies are limited due to their inherent 
experimental design (Eaton et al., 1995; Rooney et al., 2005). Recent studies include, a five-
year decomposition experiment focused on both the degradation and microbial ecology of 
smoked cigarette filters incubated in different environments (Bonanomi et al., 2015, 2020). 
The microbial ecology was investigated through high-throughput sequencing of bacterial and 
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fungal rRNA markers (16s rRNA and BITS2F/B58S3, respectively). Linking both the 
degradation and microbial ecology of smoked cigarette filters revealed that the unique changes 
in the microbiota of cigarette filters expedited the degradation process (Bonanomi et al., 2015, 
2020). Although this study is based on a culture-independent approach, it serves as the 
cornerstone of the microbial ecology of smoked cigarette filters. 
 
Fungi: the decomposers of this world and their biotechnological applications 
 
Fungi serve an important role on earth as decomposers. As heterotrophs, fungi have no 
photosynthetic complexes and obtain the necessary energy, carbon, and nutrients through the 
degradation of biomass constituents and other already existing molecules (Dix and Webster, 
1995). Their responsibility as carbon and nitrogen cyclers is mostly characterised by leaf litter 
and their ability to recycle the previous season of fallen leaves (Rai and Srivastava, 1983). This 
extends to their role in the soil food web, with fungi being the primary candidates in degrading 
complex molecules such as lignin and cellulose. However, before smaller molecules such as 
sugars, amino acids, and organic acids can be transported and utilized within the cell, these 
complex molecules within the environment need to be broken down. Fungi achieve this by 
secreting a suite of enzymes that initiate the biocatalytic degradation of specific complex 
molecules (Gopinath et al., 2005; Hankin and Anagonostakis, 1975). Fungi occupy a wide 
range of habitats with numerous survival mechanism and novel metabolic pathways. As a 
result, fungi have historically, and continue to serve as one of the major candidates for 
identifying novel enzymes and metabolites of industrial and pharmaceutical relevance (Hyde 
et al., 2019).  
 
Cigarette filter pollution could serve as a carbon source for fungal whole-cell growth and 
metabolism. Fungi can be cultivated with minimal effort on cheap and nutrient-poor substrates, 
providing a sustainable and scalable business model. The general trend of harvesting and 
isolating fungi from unique environments for specific biotechnological applications enters a 
massively scalable business model for a variety of industry-consumer products (Fig. 3; Hyde 
et al., 2019). This general trend is outlined by initially scanning a specific environment through 
molecular sequencing of DNA barcodes, followed by literature search of identified species, 
gene editing (if viable in the consumer market), storage of isolates for reproducibility, and 
finally applying the research in industry. To date, consumer markets from fungal-based 
biorefineries have benefited from the production of novel compounds, feedstock, bio-
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fertilizers, bio-controlling agents, industrially relevant enzymes, composite materials, 
cosmetics, medicines, post-harvest control, and remediation of pollutants (Fig. 3; Hyde et al., 
2019). In this regard, a fungal-based biorefinery for the remediation of cigarette filter pollution 
could potentially feed into a multitude of high-value products such as glucose or bioethanol. 
This is important for the valorisation of cigarette filters as recycling solutions need financial 
incentive. Economic estimates for collecting cigarette filters in San Francisco was reported to 
cost between $0.5 – $6 million annually (Marah and Novotny, 2011; Rath et al., 2012). To 
decrease cigarette filter pollution (a generally under-funded venture), economic bootstrapping 
through the extraction of high-value products from a fungal-based biorefinery provides an 
alternative for the valorisation of cigarette filter pollution. 
 
Within the realm of industrial enzymes and pharmaceuticals, there is great potential for the 
valorisation of cigarette filters within a fungal based biorefinery. The global market for 
industrial enzymes is valued at over $6 billion dollars, of which ~50 % are fungal derived 
(Cabanne and Doneche, 2002). These industries include, but are not limited to, paper and textile 
production, biofuel, food, and agriculture (Erickson et al., 2012; Kuhad et al., 2011; Singh et 
al., 2016). Industrial enzymes offer many advantages over traditional chemical processes 
regarding sustainability and efficiency. Within the pharmaceutical industry, there are many 
fungal derived antibiotics, cholesterol-lowering agents and immunomodulatory agents such as 
pravastatin (∼$3.6 billion/year), cyclosporine (∼$1.4 billion/year), amoxicillin (∼$11.7 
billion/year), fingolimod (∼$1 billion/year) and most famously, penicillin (Raja et al., 2017). 
In this regard, the general trend for harvesting and isolating fungi for the remediation of 
cigarette filters can feed into specific industry-consumer markets that de-risk the overall 
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Figure 3: An evaluation of the biotechnological applications of fungi and potential consumer markets. 
The process begins with investigating the fungal ecology of specific environments for novel fungi. 
Harvesting fungal isolates expands international culture collections and current phylogenetic concepts.
The fungal isolates are then characterized for industrial applications. Using fungi for industrial 
applications may be applied to farming/food, agricultural development, and production of novel 
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Toward identifying fungal species within polluted environments 
 
The discovery and classification of new fungal species is a challenging task for mycologists. 
The seemingly continuous identification of novel fungi within the advent of molecular biology 
revealed an unexpected fungal biodiversity (Hawksworth, 2004; Hibbetts et al., 2011). Culture-
dependent approaches have described over 100 000 fungal species to date, which has then been 
challenged by culture-independent approaches and molecular techniques. Several novel taxa, 
divisions, classes, orders, and families have been established in the last few decades. Molecular 
sequencing and phylogenetics revealed many morphological similar taxa were in fact distinct 
lineages, and many species were in fact within a species complex (Dai et al., 2015; Wu et al., 
2019). Additionally, molecular sequencing for phylogenetic inference resolved cryptic 
speciation; two or more different fungal species with similar morphological and physiological 
traits (Wu et al., 2019).  
 
The general trend within the last nine years has shown a precedent towards molecular 
identification; a direct result of affordable sequencing reactions and universal fungal DNA 
barcodes (Raja et al., 2017). Simply, DNA barcodes are specific regions of DNA that are 
sequenced and compared to genetic databases for rapid species identification 
(https://ibol.org/about/dna-barcoding/). In 2011, a multinational consortium of mycologists 
considered six regions of DNA for a universal DNA barcode for fungi (Schoch et al., 2012). 
Out of the six proposed barcodes, the Internal Transcribed Spacer (ITS) region was approved, 
resulting in the International Barcode of Life to designate the ITS region as the official barcode 
for fungal species identification. The ITS region contains two variable non-coding regions 
placed either side of the highly conserved rDNA 5.8S small subunit (Gardes and Bruns, 1993; 
Schoch et al., 2012). This divergent region of DNA is capable of hyper variation and is the 
fastest evolving rRNA cistron. The ITS region encapsulates the essence of a DNA barcode in 
that the interspecific variation exceeds the infraspecific variation enabling species-level 
identification (Bruns et al., 1991; Raja et al., 2017). As a DNA barcode for fungal species 
identification, the ITS region has been determined to have the highest probability for successful 
species-level identification (Schoch et al., 2012). Over 170 000 full length ITS sequences have 
been deposited in GenBank; of which 56 % are annotated with a Latin binominal. This 
represents over 15 000 fungal species, 2 500 genera published in over 11 500 scientific studies 
in 500 peer-reviewed journals (Schoch et al., 2012). This wealth of sequence information 
enables mycologists a stable classification system for fungal species identification. Remaining 
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ITS sequences that have not been annotated a Latin binominal often are the result of 
environmental DNA sequencing and other culture-independent approaches (Buée et al., 2009; 
O’Brien et al., 2005). Consequently, using the GenBank NCBI BLAST search for fungal 
species identification can be misleading and therefore should be avoided or, proceeded with 
caution (Prakash et al., 2017; Wu et al., 2019). Mycologists expressed concerns of using this 
common route for fungal species identification, indicating that 27 % of GenBank fungal ITS 
sequences have insufficient taxonomic data, with 20 % of all fungal sequences in GenBank 
incorrectly annotated (Bridge et al., 2003; Kõljalg et al., 2013; Nilsson et al., 2008; Raja et al., 
2017; Vilgalys, 2003). For phylogenetic analyses, engaging fungal databases for verified 
nucleic acid sequences is crucial, with a general pipeline as follows: (i) accessing the database, 
(ii) strategizing a particular DNA barcode search, (iii) executing the search, iv) retrieving the 
data (Prakash et al., 2017). Reliable and frequented databases within mycology include: 
BOLD, CBS-KNAW, AspGD, Fusarium MLST, ISHAM-ITS, MycoBank, Mycology Online, 
Doctor Fungus, FungiDB, and UNITE. Accessing databases provides reliable taxonomy, 
nomenclature, identification, and genotyping of fungal isolates. Ultimately, no database is 
perfect, as all databases have a proclivity towards obsoletion, and thus require consistent 
curation and engagement from researchers. 
 
Although the ITS region as a DNA barcode is well suited for many fungal organisms, it can be 
uninformative or misleading for species within the genus Penicillium, Trichoderma, Fusarium, 
Cladosporium and Aspergillus. For successful implementation of a DNA barcode, the 
following criterion must be met: i) must be applicable across the entire genus, ii) must be 
informative at a species-level and iii) orthologous across the genus (O’Donnell et al., 2015). 
An alternative to the ITS region, protein-coding genes are suited as a DNA barcode with 
improved phylogenetic resolution within the genus of certain fungi (Schoch et al., 2009). 
Protein-coding genes are capable of hyper variation, with high levels of homology and 
convergence and the added benefit of preferential sequence alignment due to codon restraints 
(Berbee and Taylor, 2001; Raja et al., 2017). Well accepted protein-coding DNA barcodes 
within the fungal community include the translation elongation factor 1-alpha (tef1), the 
subunits of RNA polymerase (RPB1 and RPB2), and beta-tubulin (tub2; Glass and Donaldson, 
1995; Hibbett et al., 2007; James et al., 2006; Liu and Hall, 2004; Matheny et al., 2002; 
O’Donnell and Cigelnik, 1997; Rehner and Buckley, 2005; Schoch et al., 2009). The inclusion 
of these phylogenetic markers within fungal systematics has enabled a stable classification of 
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fungi and broadened the current understanding of fungal taxonomy and evolution (Hibbett et 
al., 2007). 
 
Research on the microbial ecology of polluted environments has highlighted the interesting 
structure and dynamics of bacterial and fungal communities (Fabiano et al., 1994; Ford, 1994; 
Kandeler et al., 2000; Kraemer et al., 2019; Labbate et al., 2016; Müller et al., 2001; Röling et 
al., 2001; Ventorino et al., 2018). Using DNA barcodes for the identification of novel fungi 
within polluted environments expands potential industrial applications, while providing 
reproducibility, standardisation, and access to broader species information. Interlinking the 
pollutant type and rate of degradation to the fungal ecology provides a better understanding of 
in situ biochemical mechanisms involved. Understanding the biological factors responsible for 
the degradation of cigarette filters by fungi could provide efficient solutions for the remediation 
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Aims and objectives 
 
This research project forms part of a larger initiative focused on identifying the microbial 
community associated to a cigarette bin located at the Institute of Plant Biotechnology, 
Stellenbosch University. The wastebin was utilized for discarded smoked cigarette filters and 
associated to biological detritus for fifteen years. We observed that the smoked cigarette filters 
at the bottom of the wastebin were rapidly degraded within a year. Subsequently, the cigarette 
bin was nurtured as a scientific experiment for the characterization of the microbial community 
and associated open reading frames (ORFs). The bacterial community within the cigarette bin 
was previously investigated using 16S small subunit rRNA metagenomic sequencing. 
Additionally, a fosmid metagenomic library was generated from the microbial community 
inhabiting the cigarette bin. The metagenomic library was functionally screened for cellulolytic 
and acetyl esterase enzyme activity (Pieters, 2018 available at 
http://hdl.handle.net/10019.1/105187).  
 
The aim of this project was to further investigate the cigarette bin for cultivatable fungal 
isolates. This chapter includes the identification and characterization of four fungal isolates 
harvested from the cigarette bin. Fungal spores were harvested from the cigarette bin and 
cultivated under standard laboratory conditions. The fungal isolates were morphologically 
characterized via light microscopy. gDNA was extracted from the fungal isolates and specific 
DNA barcodes were cloned and sequenced. The sequenced DNA barcodes were analysed via 
phylogenetic inference and lead to the successful identification of the cultivatable fungi 
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1.1 Materials and methods 
1.2.1 Fungal cultivation and morphological analyses 
 
Fungal spores were harvested from a cellulose acetate-rich environment (cigarette bin) at the 
Institute of Plant Biotechnology, South Africa (33.9328° S, 18.8644° E). Material harvested 
from the cigarette bin was transferred to flasks containing 50 ml dH2O and incubated in the 
dark (25-30 °C). Serial dilutions were plated on malt extract agar (Sigma Aldrich, South Africa; 
72 h, 25 °C in the dark; MEA; 4 % potato dextrose agar (w/v), 2 % malt extract (w/v), 0.6 % 
peptone (w/v)). Subsequently, four fungal axenic cultures were cultivated, and fungal spores 
were suspended in dH2O and 0.1 % Tween 80 (v/v). The harvested spores were maintained in 
dH2O and 0.1 % Tween 80 (v/v) for short term storage (4 °C) or in 10 % glycerol (v/v) for long 
term cryogenic storage (-80 °C).  
 
The gross morphology of the four fungal isolates when grown on MEA (10 days, 25 °C in the 
dark) were photographed. Both the top view and bottom view of the petri dish was 
photographed, for a comprehensive analysis of the gross morphology. The microscopic 
morphological characteristics of the four fungal isolates were assessed by cultivating spores on 
MEA and carnation leaf agar (72 h, 25 °C in the dark; CLA; 0.5 % agar (w/v), sterile carnation 
leaves). Microscopic morphology was examined via light microscopy on an Ax10 Scope.A1 
microscope fitted with an Axiocam 305 Color camera (Zeiss, Germany). Microscope slides 
were prepared by mounting fungal tissue stained with 10 μl cotton lactophenol blue (0.0625 % 
cotton blue (w/v), 2 5 % phenol (w/v), 50 % glycerol (w/v), 25 % lactic acid (v/v)). The focus 
was on hyphae, microconidia, macroconidia, chlamydospores and spores.  
 
1.2.2 DNA isolation, DNA amplification and species identification 
 
Total genomic DNA (gDNA) was extracted from fungal mycelia (100 mg FW; fresh weight), 
cultivated on MEA (72 h, 25 °C in the dark), using the ZR Fungal/Bacterial DNA MiniPrep™ 
kit (Zymo Research, Inqaba Biotech, South Africa), according to the manufacturer’s 
instructions. As recommended by the manufacturer, 0.5 % β-mercaptoethanol (v/v) was added 
to the DNA binding buffer for optimal nucleic acid extraction. Species identification was 
achieved through sequence typing of the ITS region for three of the fungal isolates using the 
ITS5 and ITS4 primer pair (ITS; Table 2; White et al., 1990), and partial sequence typing of 
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the translation elongation factor 1α for one of the fungal isolates using the EF1 and EF2 primer 
pair (tef1; Table 2; O’Donnell et al., 1998).  
 
PCR reactions were performed in a T100™ Thermal Cycler (Bio-Rad, South Africa) with the 
following reagents: 5x Q5 reaction buffer, 10 μM primers, 10 μM dNTPs mix, and 0.02 U/μl 
Q5 High-Fidelity DNA Polymerase, in a total reaction volume of 50 μl (Q5 DNA polymerase, 
New England Biolabs, Inqaba Biotech, South Africa). PCR thermocycling conditions for the 
ITS region were as follows: an initial denaturation (98 °C, 30 s), 25 cycles (98 °C, 10 s; 61 °C, 
30 s; 72 °C, 30 s) and a final extension (72 °C, 2 min). The PCR thermocycling conditions for 
tef1 were as follows: an initial denaturation (98 °C, 30 s), 25 cycles (98 °C, 10 s; 57 °C, 30 s; 
72 °C, 30 s) and a final extension (72 °C, 2 min). PCR products were visualized under UV gel 
electrophoresis (80 V) on 1 % TBE (tris/Borate/EDTA; 10.8 % tris (w/v), 5.5 % boric acid 
(w/v), 4 % EDTA pH 8.0 (v/v))  agarose (w/v) stained with ethidium bromide. The 1 kb DNA 
ladder (Promega, Anatech, South Africa) was used to discriminate the sizes of the amplicons. 
Subsequently, the PCR products were purified using the Wizard® SV Gel and PCR Clean-Up 
System (Promega). The purified PCR products were then cloned into pMiniT 2.0 and 
subsequently transformed into NEB 10-beta Competent E.coli (Table 1; New England 
Biolabs). Plasmid extractions were conducted using the Wizard® Plus SV Miniprep DNA 
Purification System (Promega). Plasmid amplicons were sequenced in both directions using 
the plasmid cloning analysis primers (Table 2; New England Biolabs). 
 
1.2.3 Phylogenetic inference for the fungal isolates harvested from a cellulose-acetate rich 
environment 
 
Consensus sequences were determined and assembled on the CLC Genomics Workbench 
(v12.0.3, Qiagen, Whitehead Scientific, South Africa) and compared to representative ITS and 
tef1 sequences from previous studies (O’Donnell et al. 1998; O’Donnell et al., 2010; 
Groenewald et al., 2019). Nucleic acid sequences for both ITS and tef1 sequence datasets were 
retrieved from the CBS-KNAW Fungal Biodiversity Centre’s Fusarium MLST database 
(https://fusarium.mycobank.org/) and the NCBI database (https://www.ncbi.nlm.nih.gov/). 
The sequences were used in the construction of two phylogenetic trees, using the program 
MEGA X and the algorithm ClustalW with manual corrections where necessary (Tamura et al. 
2013). Phylogenetic inference in this study was based on Maximum Likelihood (ML). Clade 
stability was tested with a bootstrap analysis of 10 000 replicates using a 70 % bootstrap (BS) 
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criterion. The outgroup Parasitella parasitica (CBS 208.28) was used in the construction of 
the ITS Mucor phylogenetic tree, while Stachybotrys chartarum (CBS 129.13) was used in the 
construction of the tef1 Fusarium phylogenetic tree. The in-silico analyses were completed 
using a high-performance computer (HPC), housed at the Institute of Plant Biotechnology. The 
basic hardware specifications include 35-core processing power (x2 Xeon 17 core processors 
with clock speed of 3 gigahertz (GHz) per core), 64 gigabytes (gB) of random-access memory 
(RAM) – enabling rapid analyses of high throughput data sets. The topology of the two 
phylogenetic trees were developed in FigTree (version 1.4.4; Rambaut, 2009), with colour 
correction edited in Adobe® Photoshop CC (version 14.0). 
 
Table 1: Strain of E. coli and vector used in this study. 
Name Genotype Reference/source 
NEB® 10-beta 
Competent E. coli 
Δ(ara-leu) 7697 araD139  fhuA ΔlacX74 
galK16 galE15 e14-  ϕ80dlacZΔM15  
recA1 relA1 endA1 nupG  rpsL (StrR) 









Table 2: Primer sequences used in this study. 
Designation Primer Sequence 5’  3’ Reference 
Internal transcribed spacer (ITS) 
ITS4 TCCTCCGCTTATTGATATGC White et al., 1990 
ITS5 GGAAGTAAAAGTCGTAACAAGG White et al., 1990 
Translation elongation factor 1α (tef1) 
EF1 ATGGGTAAGGARGACAAGAC O’Donnell et al., 1998 
EF2 GGARGTACCAGTSATCATG O’Donnell et al., 1998 









NEB, Inqaba Biotechnical 
Industries 
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1.3 Results 
1.3.1 Morphological characterization of fungi harvested from the cigarette bin  
 
A culture-dependent approach was conducted in this study which led to the cultivation of four 
fungal isolates under standard laboratory conditions and were designated I1, I2, I3 and I4 (Fig. 
4). The morphological features of I1, I2, and I3, are characterized by sporangia formed on 
repeatedly sympodial branched sporangiophores with non-truncated columellae (Fig. 5). The 
size of sporangia is less than 100 μm in diameter with the size of sporangiospores less than 13 
μm in diameter and less than 10 μm in length (Fig. 5). For I4, the use of CLA media was 
required for induction of macroconidia. Morphological features of I4 are characterized by 
slender sickle macroconidia less than 2 μm in length, false heads containing 
microconidiophores (8 – 16), a white villous gross morphology and a light purple hue when 
grown on MEA (Fig. 4; Fig. 5; Sun et al., 2018). Similar morphological features found in 
literature loosely placed I1, I2, and I3 in the M. circinelloides complex (MCC), while I4 was 
loosely placed in the Fusarium fujikuroi species complex (FFSC; Wagner et al., 2019; Walther 
et al., 2013; Sun et al., 2018). Both the genus Mucor and Fusarium contain cryptic species, 
limiting the utility of morphological characterization for species-level identification. 
 
1.3.2 DNA amplification and molecular sequencing 
 
PCR amplification of the ITS region for I1, I2, and I3, using the ITS5 and ITS4 primer pair 
(Table 2), was confirmed, representing a ~650 bp amplicon (Fig. 6). Although the ITS region 
from I4 was amplified and sequenced it immediately became evident that I4 required a 
protein—coding DNA barcode for successful species identification. The ITS region is 
uninformative for the genus Fusarium and was therefore discarded from the phylogenetic 
analysis. PCR amplification of the tef1 for I4, using the primer pair EF1 and EF2 (Table 2), 
was confirmed, representing a ~700 bp amplicon (Fig. 6). 
 
In order to conserve genetic information on the 5’ and 3’ end, the PCR amplicons were cloned 
into the into pMiniT 2.0 and sequenced using the cloning analysis primers (Table 2) via 
capillary sequencing. The sequencing of the ITS region for I1, I2 and I3 indicated successful 
amplification of the ITS1, 5.8S and ITS2 region. I1 indicated a 621 bp ITS region sharing 98 
% (612/621) and 98 % (610/621) sequence identity with I2 and I3, respectively. Both I2 and 
I3 indicated a 620 bp ITS region sharing 99 % (618/620) sequence identity. Sequencing of tef1 
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for I4 indicated a 594 bp amplicon, with successful amplification of the 5’ end of tef1 with 

























Figure 4: Photograph of the back and front of I1, I2, I3, and I4 grown on MEA (10 days, 25 °C in the 
dark). 
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Figure 5: Microscopic morphology of the four fungal isolates harvested from the cigarette bin.  
a. I1 – sporangiophore and columellae. b. I1 – sporangium and columellae. c. I2 – sporangiophore and columellae. d. I2 – sporangium and columellae. e. I3 –
sporangiophore and columellae. f. I3 – sporangium and sporangia. g. I4 – hyphae morphology. h. I4 – false head containing sickle-shaped conidia with no septa. 
i. I4 – macroconidia and microconidia. j. I4 - false heads seen in carnation leaf. a – f: Grown for three days on MEA at 25 °C. g – j: grown for seven days on 


































Figure 6: PCR amplification of the ITS region for all four fungal isolates, and partial amplification of 
the tef1 gene for I4. PCR amplification was achieved using fungal gDNA from I1, I2, I3, and I4. The 
ITS amplicon for I1, I2, and I3 was ~650 bp, while the ITS and tef1 amplicon for I4 was ~500 bp and 
~700 bp, respectively. 
 
1.3.3 Phylogenetic inference of fungal isolates harvested from the cigarette bin 
 
Approximately 500 bp were included in the phylogenetic analysis for both the ITS and tef1 
datasets (Table 3). The ITS Mucor dataset was modelled using Tamura 3-parameter (T92) with 
five categories of gamma distribution. The tef1 Fusarium dataset was modelled using general 
time reversible (GTR) with five categories of gamma distribution. A bootstrap analysis of 
10 000 replicates and a 70 % cutoff value for each node was applied. The highest log likelihood 
tree is represented with -InL = -4974.44 and -InL = -4076.11 for the Mucor (Fig. 7) and 
Fusarium (Fig. 8) datasets, respectively. Phylogenetic inference for I1, I2, and I3 using the ITS 
DNA barcode clustered all three isolates in the MCC (BS = 0.91; Fig. 7). There are two 
phylogenetic species (PS 14 and PS 15) within M. circinelloides f. circinelloides. I1 clustered 
in the M. circinelloides f. circinelloides PS clade 15 (BS = 0.72), while both I2 and I3 clustered 
in the PS clade 14 (BS = 0.97; Wagner et al., 2019; Walter et al., 2013). Alternatively, 
phylogenetic inference for I4 using tef1 as the DNA barcode clustered I4 in the Fusarium 
fujikuroi species complex (FFSC; BS = 0.85). Within the FFSC I4 identified as Fusarium 
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Table 3: List of species and strains included in the phylogenetic analyses. 
Organism Source ITS1 Reference 
Mucor abundans 2CBS 388.35 MH855716.1 Groenewald et al., 2019 
Mucor aligarensis CBS 244.58 MH857771.1 Groenewald et al., 2019 
Mucor amethystinus CBS 526.68 JN206015.1 Walther et al., 2013 
Mucor amphibiorum CBS 763.74 MH860895.1 Groenewald et al., 2019 
Mucor circinelloides f. circinelloides CBS 192.68 JN205959.1 Walther et al., 2013 
Mucor circinelloides f. circinelloides CBS 121702 JN205966.1 Walther et al., 2013 
Mucor circinelloides f. griseocyanus CBS 116.08 JN206003.1 Walther et al., 2013 
Mucor circinelloides f. janssenii CBS 185.68 JN206006.1 Walther et al., 2013 
Mucor circinelloides f. lusitanicus CBS 108.17 JN205980.1 Walther et al., 2013 
Mucor ctenidus CBS 293.66 JN205976.1 Walther et al., 2013 
Mucor ellipsoideus CBS 126271 MH863952.1 Groenewald et al., 2019 
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Mucor exponens CBS 141.20 MH854686.1 Groenewald et al., 2019 
Mucor flavus CBS 230.35 EU484282.1 Hoffmann et al., 2008 
Mucor fuscus CBS 132.22 MH854718.1 Groenewald et al., 2019 
Mucor fusiformis CBS 336.68 MH859152.1 Groenewald et al., 2019 
Mucor genevensis CBS 114.08 EU484275.1 Hoffmann et al., 2008 
Mucor hiemalis CBS 115.18 MH859259.1 Groenewald et al., 2019 
Mucor indicus CBS 120.08 MH854581.1 Groenewald et al., 2019 
Mucor laxorrhizus CBS 143.85 MH861865.1 Groenewald et al., 2019 
Mucor luteus CBS 243.35 AY243951.1 Han et al., unpublishd 
Mucor microsporus CBS 245.35 MH855663.1 Groenewald et al., 2019 
Mucor moelleri CBS 216.27 MH854934.1 Groenewald et al., 2019 
Mucor mousanensis CBS 999.70 MH860022.1 Groenewald et al., 2019 
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Mucor mucedo CBS 109.16 MH854643.1 Groenewald et al., 2019 
Mucor odoratus CBS 120.71 MH860028.1 Groenewald et al., 2019 
Mucor piriformis CBS 169.25 EU484276.1 Hoffman et al., 2008 
Mucor plumbeus CBS 226.32 JN205916.1 Walther et al., 2013 
Mucor prayagensis CBS 816.70 MH859957.1 Groenewald et al., 2019 
Mucor racemosus f. racemosus CBS 260.68 JN205898.1 Walther et al., 2013 
Mucor saturninus CBS 521.64 MH858502.1 Groenewald et al., 2019 
Mucor silvaticus CBS 249.35 MH855666.1 Groenewald et al., 2019 
Mucor ucrainicus CBS 221.71 MH860077.1 Groenewald et al., 2019 
Mucor variisporus CBS 837.70 MH859970.1 Groenewald et al., 2019 
Mucor zonatus CBS 148.69 MH859280.1 Groenewald et al., 2019 
Parasitella parasitica CBS 208.28 MH854982.1 Groenewald et al., 2019 
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Organism Source tef11 Reference 
Fusarium aethiopicum CBS 123667 FJ240295.1 O’Donnell et al., 2008 
Fusarium arthrosporioides CBS 100485 DQ531563.1 Kulik et al., 2007 
Fusarium asiaticum CBS 110256 AF212450.1 O’Donnell et al., 2000b 
Fusarium babinda 3NRRL 25531 MH742711.1 Jacobs-Venter et al., 2018 
Fusarium begoniae CBS 403.97 AF160293.1 O’Donnell et al., 2000b 
Fusarium boothii CBS 110250 AF212443.1 O’Donnell et al., 2000b 
Fusarium brevicatenulatum CBS 404.97 AF160265.1 Laraba et. al., 2019 
Fusarium bulbicola CBS 220.76 AF160277.1 O’Donnell et al., 2000b 
Fusarium cerealis CBS 110268 AF212464.1 O’Donnell et al., 2000b 
Fusarium chlamydosporum CBS 145.25 MN120754.1 Lombard et al., 2019a 
Fusarium circinatum CBS 405.97 AF160295.1 O’Donnell et al., 2000b 
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Fusarium coeruleum CBS 836.85 DQ164859.1 Romberg and Davis, 2007 
Fusarium concentricum CBS 450.97 AF160282.1 O’Donnell et al., 2000b 
Fusarium concolor CBS 961.87 GQ505674.1 O’Donnell et al., 2009 
Fusarium culmorum CBS 110269 AF212462.1 O’Donnell et al., 2000b 
Fusarium denticulatum CBS 735.97 AF160269.1 O’Donnell et al., 2000b 
Fusarium dlaminii CBS 175.88 AF160277.1 O’Donnell et al., 2000b 
Fusarium domesticum CBS 244.82 EU926287.1 O’Donnell et al., 2009 
Fusarium equiseti CBS 307.94 GQ505599.1 O’Donnell et al., 2009 
Fusarium foetens CBS 110286 GU170560.1 Migheli et al., 2010 
Fusarium graminearum CBS 110261 AF212455.1 O’Donnell et al., 2000a 
Fusarium lactis CBS 411.97 AF160272.1 O’Donnell et al., 2000b 
Fusarium napiforme CBS 748.97 AF160266.1 O’Donnell et al., 2000b 
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Fusarium nectrioides CBS 176.31 EU926312.1 Schroers et al., 2009 
Fusarium nisikadoi CBS 742.97 AF324329.1 Baayen et al., 2000 
Fusarium nygamai CBS 140.95 HM347121.1 O’Donnell et al., 2010 
Fusarium oxysporum CBS 144135 MH485045.1 Lombard et al., 2019a 
Fusarium penzigii CBS 317.34 EU926324.1 Schroers et al., 2009 
Fusarium proliferatum CBS 217.76 AF160280.1 O’Donnell et al., 2000b 
Fusarium pseudoanthophilum CBS 745.97 AF160264.1 O’Donnell et al., 2000b 
Fusarium pseudocircinatum CBS 449.97 AF160271.1 O’Donnell et al., 2000b 
Fusarium pseudograminearum CBS 109956 AF212468.1 O’Donnell et al., 2000b 
Fusarium pseudonygamai CBS 417.97 AF160263.1 O’Donnell et al., 2000b 
Fusarium ramigenum CBS 418.97 AF160267.1 O’Donnell et al., 2000b 
Fusarium redolens CBS 530.96 AF324319.1 Baayen et al., 2000 
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Fusarium sacchari CBS 223.76 AF160278.1 O’Donnell et al., 2000b 
Fusarium scirpi CBS 448.84 GQ505605.1 O’Donnell et al., 2009 
Fusarium solani CBS 101427 GQ505674.1 O’Donnell et al., 2009 
Fusarium sporotrichioides CBS 447.67 HM347118.1 O’Donnell et al., 2010 
Fusarium thapsinum CBS 733.97 AF160270.1 O’Donnell et al., 2000b 
Fusarium udum CBS 178.32 AF160275.1 O’Donnell et al., 2000b 
Fusarium verticillioides CBS 734.97 AF160262.1 O’Donnell et al., 2000b 
Stachybotrys chartarum CBS 129.13 KM231994.1 Lombard et al., 2015 
1 ITS: internal transcribed spacer; tef1: translation elongation factor-1alpha. 
2 CBS: The Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands. 
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Figure 7: Maximum likelihood tree inferred from the ITS region, including the 5.8S rRNA gene 
sequence for I1, I2 and I3. A cutoff bootstrap value of 70 % was applied, with the decimal value 
indicated at the node (10 000 replicates). CBS 208.28 Parasitella parasitica represents the outgroup. 
The Mucor circinelloides species complex (MCC) is highlighted, indicating the two phylogenetic 
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Figure 8: Maximum likelihood tree inferred from partial sequence typing of the tef1 gene for I4. A 
cutoff bootstrap value of 70 % was applied, with the decimal value indicated at the node (10 000 
replicates). CBS 129.13 Stachybotrys chartarum represents the outgroup. The following species 
complexes were included in the phylogenetic study: Fusarium fujikuroi species complex, FFSC; 
Fusarium oxysporum species complex, FOSC; Fusarium redolens; Fusarium babinda; Fusarium 
concolor; Fusarium solani species complex, FSSC; Fusarium chlamydosporum species complex, 
FCSC; Fusarium incarnatum-equiseti species complex, FIESC; Fusarium sambucinum species 
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1.4 Discussion 
Given the global prevalence of cigarette filter pollution and the delineation of rayon derived 
materials that contribute to the marine microplastic crisis, innovative research and solutions for 
effective waste management of cigarette filters is paramount (Cozar et al., 2014; Marinello et 
al., 2020; Novotny et al., 2009; Novotny and Slaughter, 2014; Woodall et al., 2014). Despite 
the global efforts for strict legislation regarding the use of tobacco products, the industry 
remains a global giant with an estimated total of 9 trillion cigarettes will be sold to the consumer 
market in 2025 alone (Ng et al., 2014; Novotny et al., 2009). An estimated two-thirds of 
smokers incorrectly dispose of their cigarette filters, resulting in trillions of smoked cigarette 
filters entering the environment as litter every year (WHO, 2017; Patel et al., 2013). 
Throughout the degradation process, the cigarette filter remains a vector for a myriad of toxic 
compounds that are harmful to a range of organisms (Moriwaki et al., 2009; Novotny et al., 
2009; Novotny and Slaughter, 2014; Peppendieck et al., 2016; Slaughter et al., 2011; Wright 
et al., 2015). Additionally, as the cigarette filter degrades, thousands of microscopic cellulose 
acetate fibers are released into the environment contributing to the marine microplastic 
epidemic and deep-sea sink (Novotny and Slaughter, 2014). Cellulose acetate fibers are a 
ubiquitous pollutant covering 2 billion km2 of ocean seabed and contamination within the food-
chain is prevalent (Lusher et al., 2013; Obbard et al., 2014; Woodall et al., 2014).  
 
Although cigarette filters are regarded as biodegradable within the scientific community, the 
rate of degradation can vary between different environments with estimates of 10 years before 
a cigarette filter is completely degraded (Bonanomi et al., 2015, 2020; Puls et al., 2010). 
Genomic studies focused on polluted environments have highlighted the potential genetic 
resourcefulness of pollution/waste (Borowik et al., 2017). However, genomic studies focused 
on the microbial ecology of smoked cigarette filters is limited (Bonanomi et al., 2015, 2020). 
The work presented here centers around a cigarette bin that was conceptualized to be inhabited 
by micro-organisms capable of rapidly degrading smoked cigarette filters. Subsequently, the 
bacterial community and potential genetic resourcefulness of the micro-organisms within the 
cigarette bin were investigated. With the bacterial community of the cigarette bin previously 
analyzed via 16S small subunit rRNA metagenomic sequencing, we sought to investigate the 
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Species-level identification was confirmed through amplifying and sequencing specific DNA 
barcodes. The ITS region for all four fungal isolates was successfully amplified using the 
ITS4/ITS5 primer pair (Fig. 6; White et al., 1990). The ITS region as a DNA barcode for the 
genus Mucor proved highly efficient, clustering I1, I2, and I3 in the MCC (BS = 0.91; Fig. 7). 
Within the MCC, phylogenetic species (PS) are present with two major clades represented as 
PS 14 and PS 15 (Wagner et al., 2019; Walther et al., 2013). I1 clustered in the M. circinelloides 
f. circinelloides PS clade 15 (BS = 0.72), while both I2 and I3 clustered in the M. circinelloides 
f. circinelloides PS clade 14 (BS = 0.97; Fig. 7). Despite the high degree of convergence 
between the three M. circinelloides f. circinelloides isolates, the ITS region as a DNA barcode 
proved remarkably valuable, enabling species-level identification within the MCC PS clades. 
This is assured as the ITS region as a DNA barcode for species-level identification within 
Mucorales is well reported as an efficient DNA barcode (Kwaśna et al. 2006; Meyer and 
Grams, 2003; Schwarz et al. 2006; Vitale et al. 2012). Based on morphology alone, species-
level identification within the MCC PS clades would not be possible due to cryptic speciation 
and similar microscopic features (Fig. 5).  
 
Alternatively, the use of the ITS region for phylogenetic inference within Fusarium is 
uninformative at the species-level. This is largely due to the closely related species complexes 
(F. graminerarum, F. oxysporum and F. fujikuroi) sharing near identical or identical ITS rDNA 
alleles. The ITS region is cladistically uninformative due to the non-orthologous rDNA ITS2 
types between F. fujikuroi and F. oxysporum (O’Donnell et al., 1998; O’Donnell and Cigelnik 
et al., 1997; Waalwijk et al., 1996). Consequently, the ITS sequence information for I4 was 
discarded from the phylogenetic study due to the limited utility of the ITS region for species-
level identification within Fusarium. The use of tef1 as a standard DNA barcode for species-
level identification within Fusarium is well accepted within the scientific community 
(O’Donnell et al., 2013; Stielow et al., 2015). Phylogenetic inference for partial sequence 
typing of tef1 for I4 clustered within the FFSC (BS = 0. 85; formerly known as Gibberealla 
fujikuroi when teleomorphs were included in the classification of The International Code of 
Nomenclature), and successfully identified I4 as F. proliferatum (BS = 1.00; Fig. 8). Although 
species identification within the FFSC was achieved, cladistically the three American, African, 
and Asian clades within the FFSC were not strongly supported using tef1 alone, which is 
reinforced in other studies (O’Donnell et al., 2010; O’Donnell et al., 2015). However, for the 
purpose of this study, tef1 as a DNA barcode successfully separated the Fusarium species 
complexes and achieved species-level identification for I4 (Fig. 8). With successful DNA 
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barcoding and phylogenetic inference, greater access to species information for M. 
circinelloides and F. proliferatum is extremely relevant and insightful.  
 
The first microscopic observations and description of Mucor was inscribed in 1665 by Robert 
Hooke (Ainsworth, 1965). To date, several hundred species have been reported forming the 
order Mucorales (from the division Basidiomycota), a phylogenetically ancient group of fungi 
(Spatafora et al., 2017; Walter et al., 2013). Mucor is a polyphyletic genus with clear lineages 
forming species complexes. The taxonomy of the genus Mucor is substandard in terms of 
molecular phylogenetics and the phylogenetic status is controversial (Wagner et al., 2019; 
Walther et al., 2013; Walther et al., 2019; O’Donnell et al., 2001). Well-accepted fungal DNA 
barcodes such as actin, tef1, beta-tubulin, and calmodulin occur as multiple copies within the 
genus Mucor (Walther et al., 2013). The identification of Mucor species are mostly based on 
the ITS region alone, as genealogical concordance phylogenetic species recognition concept 
(GCPSR) is not viable (Ariyawansa et al., 2014; Li et al., 2016; Tibpromma et al., 2017; 
Wagner et al., 2019). The genus Mucor is described by 76 species, defined by several species’ 
complexes known as M. circinelloides, M. racemosus, M. flavus, M. hiemalis, M. fuscus, M. 
mucedo, M. zonatus and M. amphibiorum. Within the M. circinelloides species complex, 
several distinct species or subspecies are present including M. circinelloides f. lusitanicus, M. 
circinelloides f. circinelloides, M. circinelloides f. griseocyanus, M. ctenidius and the newly 
amended M. amethystinus (Wagner et al., 2019; Walther et al., 2013; Walther et al., 2019).  
 
 
Mostly as saprotrophs (and some instances as endophytes), Mucor species have been reported 
in soil, wet organic material, decomposing plant material, animal tissue and food spoilage 
(Benny et al., 2014; Morin-Sardin et al., 2017; Nout and Aidoo, 2010; Pitt and Hocking, 2009; 
Voigt et al., 2016). Some species of Mucor are known to infect immunocompromised patients, 
causing the life-threatening disease mucormycosis (Petrikkos et al., 2012; Roden et al., 2005; 
Wagner et al., 2019). In contrast, some species of Mucor are used in the fermentation of food 
products such as soy and cheeses (Hermet et al., 2012; Morin-Sardin et al., 2017). Mucor 
species have been utilized for biotechnological applications due to the wide range of growth 
conditions, minimal nutrient requirements, high growth rates, available genomic information, 
and the production of industrially relevant enzymes. At the species-level, M. circinelloides are 
a dimorphic group of fungus that have been isolated from a broad range of environments. They 
are considered cosmopolitan fungi; a description of prevalent fungi in terms of distribution and 
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ecology (de Souza et al., 2017; Wagner et al., 2019; Walther et al., 2019). M. circinelloides 
has been thoroughly investigated over the last several decades for industrial applications and 
have been reported for producing a plethora of hydrolytic enzymes, lipids, carotenoids, and 
ethanol, while generating a highly nutritional biomass (Rodrigues et al., 2019). The genome of 
M. circinelloides has been sequenced and is considered a candidate model organism for 
filamentous fungi. Efficient genetic markers and transformation protocols such as a leucine 
auxotrophic complementation system and a plasmid free CRIPSR-Cas9 system are available 
for M. circinelloides (Nagy et al., 2017; Ronceroet et al., 1989). 
 
Alternatively, the genus Fusarium from the division Ascomycota is an infamous plant and 
animal pathogen causing several diseases to a myriad of hosts (Dean et al., 2012; Nelson et al., 
1993; O’Donnell et al., 2013; Summerell, 2019). Mostly known as plant pathogens, almost 80 
% of economic crops are associated with at least one Fusarium causing disease (Leslie and 
Summerell, 2006). Fusarium is widely distributed having pathogenic effects such as canker 
development in soft- and hardwood trees, vascular wilting and root rot in vegetables, and 
destructive head blight and root rot in several cereal grains (Goswami and Kistler, 2004; Kvas 
et al., 2008; Nyvall et al., 1999; Parry et al., 1995; Vujanovic et al., 2006; Wingfield et al., 
2008). The two most important plant pathogens within Fusarium include Fusarium 
graminearum (causing wheat head blight) and Fusarium oxysporum (causing wilt and stem 
rot), both of which are well cited in literature and contribute to major agricultural economic 
losses (Dean et al., 2012). However, Fusarium species are not limited to plant-pathogenic 
relationships alone and expand a wide range of environments comprising of pathogens, 
endophytes, and saprophytes. They are cosmopolitan fungi mostly occurring in soil, plants, 
decaying plant material and organic matter (Abdalla et al., 2000; Burgess and Summerell, 
1992; Jeschke et al., 1990; Laurence et al., 2015; Neish et al., 1983; Saha, 2002). Fusarium 
species have been reported as a human pathogen causing the life-threatening disease fusariosis 
(Barrios et al., 1990; Herbrecht et al., 2004; Lortholary et al., 2010; Nelson et al., 1994; Nucci 
and Anaissie, 2002; Summerbell et al., 1998; Sun et al., 2018; Tortorano et al., 2014) 
Furthermore, species within Fusarium are known to produce secondary metabolites such as 
trichothecenes, fumonisins, and zearalenone, all of which are mycotoxins known to have 
deleterious effects on animal health (Bottalico, 1998; Bottalico and Perrone, 2002; Glenn, 
2007; Ross et al., 1990). Due to the scientific and economic importance of Fusarium, 
mycologists have highlighted the need for a well-structured phylogeny, with well-defined 
generic species concepts, for effective species identification and diagnosis.  
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For this study, we adopted the most widely accepted proposal for Fusarium phylogeny to date, 
including species concepts all defined under the genus Fusarium. The purpose of this study 
was not to evaluate the current phylogenetic state of the genus Fusarium, but rather conduct 
species identification for I4 in order to identify the cultivatable fungi harvested from the 
cigarette bin. First established over 200 years ago, the genus Fusarium has undergone dramatic 
changes and adaptations to taxonomic records (Summerell, 2019; Thrane and Seifert, 2000). 
Currently, over 300 phylogenetically distinct species exist within the genus, however, less than 
half are formally described. The phylogeny of Fusarium is contentious, with two major 
proposals amongst fursariologists: splitting Fusarium into the generic genus names 
Albonectria, Cyanonectria, Geejayessia and Neocosmospora and Bifusarium (Gräfenhan et al., 
2011; Lombard et al., 2015; Nalim et al., 2011; Schroers et al., 2011), and keeping the genus 
name Fusarium, for a strongly supported polyphyletic clade comprising of species concepts 
(Geiser et al., 2013; O’Donnell et al., 2013). Both provide stability and a well-defined 
phylogeny of Fusarium; however, the major differences include at which point two clades 
become different genera. From a biotechnological perspective, Fusarium are well-known for 
the production of pigments, bioflavours, biofuel, industrial enzymes, and bioactive compounds 
(Abdel-Azeem et al., 2019; Pessôa et al., 2017). The genome of 68 Fusarium species have 
been sequenced and deposited in the NCBI database (Cen et al., 2020; Bashywal et al., 2017; 
Jeong et al., 2013; Niehaus et al., 2017; Wiemann et al., 2013). Additionally, transformation 
methods are available for Fusarium species such as electroporation, PEG-mediated 
transformation, and Agrobacterium  transformation (Bernardi-Wenzel et al., 2016; de Groot et 
al., 1998; Fernandez-Martin et al., 2000; Garcia-Martinez et al., 2015; Islam et al., 2012).  
 
Within the cigarette bin scenario, fungal organisms harvested from such an environment may 
present interesting or novel features enabling the efficient degradation of cigarette filters 
(Bonanomi et al., 2020; Puls et al., 2010). Fungi are known to be excellent producers of 
enzymes capable of degrading recalcitrant molecules/pollutants, as well as cellulose and 
cellulose-derived materials (Maamar et al., 2020; Prenafeta-Boldú et al., 2006; Tigini et al., 
2009; Varadarajan and Shikha, 2014; Ventorino et al., 2018). Isolating and characterizing 
fungal species from cigarette filter waste, such as a cigarette bin or smoked cigarette filter, is 
however not reported in peer-reviewed scientific journals. Due to the limited research on 
culture-dependent approaches for fungi isolated from cigarette filter waste, culture-
independent approaches were compared (Bonanomi et al., 2020). The study focused on relative 
abundance of bacteria and fungi over-time in terms of phyla found within cigarette filters 
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incubated in different environments (Bonanomi et al., 2015, 2020). The fungal community 
within the cigarette filters were mostly occupied by Ascomycota and Basidiomycota. The 
reported fungal species in terms of phyla found within decomposing cigarettes included 
Chaetornium, Davidiella, Phlalophora, Aspergillus, Eurotium, Articulospora, Sclerotinia, 
Athrobotrys, Dactylella, Monacrosporium, Stachybotrys, Nectriaceae, Chaetomiacea, Phoma, 
Penicillium, Paraconiothyri, Xylaria, Amphinema, Pisolithus, Sebacinaceae, Thelephoraceae, 
Sporobolomyceae, Cryptococcus, Catenaria, Basidiomycota, Inocybe, Tomentella, 
Coprinellus, Rhizopogon and Lepiota. This was achieved through extracting environmental 
DNA from the cigarette filters for the preparation of a library using the ITS primer pair: 
BITS2F/B58S3 (Bokulich and Mills, 2013; Bonanomi et al., 2020). Both M. circinelloides and 
F. proliferatum form part of the phyla Basidiomycota and Nectriaceae, respectively. This 
suggests that the species isolated in our study may too have inhabited the cigarette filters in the 
reported study (Fig. 4; Bonanomi et al., 2020). Cigarette filters incubated under laboratory 
conditions were mostly occupied by Aspergillus, Eurotium, and Sclerotinia with small changes 
over time towards Phoma, Penicillium and Paraconiothyrium (Bonanomi et al., 2020). 
Cigarette filters incubated under soil environments, the shift over time for Basidiomycota 
exceeded 80 % of all fungi. A key finding indicated that under sand dune environments, the 
cigarette filter was mostly occupied by several Basidiomycota species capable of cellulose 
acetate degradation regardless of the high levels of acetylation (Bonanomi et al., 2015, 2020). 
This coincides with our results as M. circinelloides forms part of Basidiomycota and therefore 
suggests that some species from the division could utilize cigarette filters as a means of carbon 
(Fig. 7). 
 
The cigarette bin from which the isolates were harvested from in this study was roughly fifteen 
years old. The prevailing view is that the microbiota shift within the cigarette bin enabled the 
proliferation of a microbial community primed for cellulose acetate degradation regardless of 
the high degree of acetylation. The fungal isolates harvested from the cigarette bin were 
conceptualized to herald novel capabilities for cigarette filter degradation. Prospectively, the 
fungal isolates could have undergone mutational events within promiscuous ancestral enzymes 
for novel capabilities and phenotypic improvements towards highly acetylated cellulose. 
Alternatively, the fungi cultivated may have gradual genetic improvements for enhanced 
enzyme kinetics towards cellulose acetate as a substrate. Or perhaps, due to the genetic 
adaptability of fungi, through regulatory expression mechanisms, the fungi harvested may have 
an enhanced cellulolytic expression primed for cellulose acetate degradation. Although M. 
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circinelloides and F. proliferatum were not specifically reported in the aforementioned study, 
members of Basdiomycota and Nectriaceae were reported (Bonanomi et al., 2020). The family 
Mucoraceae forms the order Mucorales which are included in the division Basdiomycota. The 
family Nectriaceae from the order Hypocreales which is included in division Ascomycota. Both 
M. circinelloides and F. proliferatum form part of Basdiomycota and Ascomycota 
(Nectriaceae), respectively (Fig. 7; Fig. 8).  
 
M. circinelloides and F. proliferatum are known to produce a complete cellulolytic cocktail 
enabling the utility of cellulose and cellobiose as the sole carbon substrate (Alves et al., 2002; 
Behera and Ray, 2016; Gupta and Verma, 2015; Huang et al., 2014; Indira et al., 2016; 
Olajuyigbe et al., 2016; Panagiotou et al., 2011; Saha, 2004; Shimonaka et al., 2006; Takano 
and Hoshino, 2012; Xiros et al., 2011). To date, most enzyme applications for both Mucor and 
Fusarium encompass the degradation of non-edible lignocellulosic biomass to produce second 
generation biofuel. This was explicitly shown in a number of studies using various cellulose-
based substrates such as corn cob, corn starch, straw, wheat bran and brewers’ grain (Ali et al., 
2016; Almeida et al., 2014; Anasontzis et al., 2011; Baeyens et al., 2015; Rodrigues et al., 
2019; Vohra et al., 2014; Xiros et al., 2011; Xu et al., 2015). Interestingly, an analysis of 26 
strains from six Mucor species (including M. circinelloides, M. hiemalis, M. genevensis, M. 
piriformis, M. racemosus and M. variosporus), explicitly indicate that M. circinelloides 
achieved the highest production cellulases (Alves et al., 2002). Alternatively, many Fusarium 
species occur in close associations with plants as saprophytes/endophytes, and often exist 
throughout the entire life cycle of the plant (Saikkonen et al., 1998; Zeller et al., 2003). Such 
saprotrophic/pathogenic Fusarium species are known to produce cell wall degrading enzymes 
for nutrient assimilation (Roncero et al., 2003). These cell wall degrading enzymes encompass 
a wide range of enzymes including cellulases (Beliën et al., 2006; Christakopoulos et al., 1996; 
Knogge, 1996; Ruiz et al., 1997; Saha, 2001; Walton, 1994). Interestingly, tobacco plants and 
cured tobacco products are known to be inhabited by a variety of fungal species from the genus 
Aspergillus, Penicillium, Phoma, Alternaria, Chaetomium, Cladosporium, Rhizopus, 
Fusarium, Trichoderma, Monographella, Rhodotorula, and Sporidiobolales (Chen et al., 
2018a, 2018b; Villemur et al., 2009; Welty, 1972; Yang et al., 2008; Zhang et al., 2018). More 
specifically, F. proliferatum was reported for the first time to cause leaf spot disease of tobacco 
plants indicating pathogenic mechanisms for degrading tobacco leaves for nutrient assimilation 
(Li et al., 2017). In this regard, remnant tobacco and toxic compounds associated with cigarette 
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filters may be processed by F. proliferatum into non harmful compounds and nutrients (Golias 
et al., 2000; Liu et al., 2015; Maldonado-Robledo et al., 2003; Wei et al., 2014).  
 
Due to the known potential of M. circinelloides and F. proliferatum within the context of 
lignocellulose and cellulose degradation, the enzymes responsible in the catabolic pathway 
may be crucial within the context of cellulose acetate degradation. In this regard, in vitro 
enzyme analysis of M. circinelloides and F. proliferatum towards cellulose-based substrates 
may indicate potential applications for the degradation of cigarette filters. A fungal-based 
biorefinery for the remediation of cigarette filters may be a promising solution for cigarette 
filter pollution. This approach may permit the extraction of high-value products, such as 
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Chapter 2 
Fungi and the filter: can a single organism host the molecular 
tools for the remediation of cigarette filters? 
Fungi are unique in their ability to convert complex organic materials into an array of high-
value products. Fungi such as yeast have impacted humans for millennia in the fermentation of 
simple sugars to produce beer, wine, and bread. However, filamentous type fungi have different 
beneficial characteristics compared to that of yeasts, and therefore have other biotechnological 
applications (Hyde et al., 2019). In fact, Scientific American published “The mycelium 
revolution is upon us” in 2019, which pedestals filamentous type fungi as the organism of the 
future. Filamentous fungi can be grown on complex organic substrates with relative ease, 
providing a scalable economic business model and a carbon neutral/negative outlook. 
Filamentous fungi can be used for the production of composite materials, high-value products, 
and animal feedstock (Hyde et al., 2019; Meyer et al., 2020). Furthermore, fungi are capable 
of adapting to certain substrate and nutrient requirements which permits a broad range of 
growth conditions and industrial applications. This ability to adapt and evolve to certain 
substrates enables fungi a greater decomposition efficiency towards available substrates 
(Cherry and Fidantsef, 2003; Spatafora et al., 2017). As fungal mycelium permeates a specific 
substrate, a suite of enzymes are secreted such as amylases, cellulases, inulases, lipases, 
pectinases and proteases. The suite of enzymes secreted degrade the complex substrate into 
smaller sugars, amino acids, and fatty acids for assimilation and cellular metabolism (Walton, 
1994). The use of fungi for the remediation of pollutants would work in the same manner, 
whereby the specific enzymes secreted, degrade the complex pollutant into nutrients for 
cellular metabolism and growth. Effective waste management and bioremediation using fungi 
may be part of the solution for cigarette filter pollution. Cigarette filters are a recalcitrant 
material that require a diverse range of enzymes for the complete degradation into monomeric 
glucose (Haske-Cornelius et al., 2017; Puls et al., 2010). Fungal isolates identified and 
characterized for a complete degradative pathway of cellulose acetate may hold future potential 
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Cellulose acetate degradation: a holistic view on the enzymes and catabolic 
pathway 
 
Cigarette filters are made from 15 000 or more cellulose acetate fibres linked together with 
glycerol triacetate forming a polymeric matrix (Hamzah and Umar, 2017; Robertson et al., 
2012). The general synthesis of cellulose acetate is a two-step process involving the treatment 
of cellulose for complete acetylation followed by controlled deacetylation via hydrolysis for 
different commercial applications such as hygiene products, clothing manufacturing and 
cigarette filters (McGath et al., 2015). Cellulose acetate can be characterized by two major 
factors: the degree of acetyl substitution (DS) and the degree of polymerization (DP). The DS, 
the number of occurring acetyl groups per monomeric glucose, can range from 0 to 3 for 
varying properties such as solvent solubilities and molecular weights (Haske-Cornelius et al., 
2017; Puls et al., 2010). The higher the acetyl DS of cellulose acetate, the greater the resistance 
to biocatalytic degradation (Ho et al., 1983; Samios et al., 1997). Cigarette filters are made 
from cellulose acetate with a DS = ~2.5 (25 of the 30 potential positions of ten linked glucose 
monomers are acetylated). The DP, the number of repeating glucose units, can range from 16 
000 to 200 000, for different commercial applications and material composition. The 
combination of the DS and DP of cellulose acetate results in a highly crystalline, insoluble, and 
recalcitrant material to microbial degradation (Abrusci et al., 2009; Puls et al., 2010; Sakai et 
al., 1996). 
 
To understand the degradation of cellulose acetate and how the DS and DP effects microbial 
degradation, examination of cellulose and the associated degradative pathway is crucial. 
Briefly, cellulose, the most abundant natural biopolymer on earth, is a complex carbohydrate 
consisting of 3 000 units or more of glucose linked β-1,4-glycosidic bonds forming a crystalline 
polymer with amorphous regions (Hon, 1994; Lynd et al., 2005). It is an important structural 
component to many plants and serves as a carbon resource to numerous micro-organisms; 
which use a specific suite of enzymes to degrade this complex molecule into glucose for 
cellular metabolism (Knogge, 1996; Roncero et al., 2003). This heterogeneous group of 
enzymes belonging to various glycoside hydrolase families consist of three major classes 
forming a multienzyme system called the cellulase complex: exo-(1,4)-β-D-glucanase (EC 
3.2.1.91), endo-(1,4)- β-D-glucanase (EC 3.2.1.4), and β-glucosidases (EC 3.2.1.21; Baldrian 
and Valaskova, 2008; Kuhad et al., 1997; Percival Zhang et al., 2006). Cellulases are 
differentiated to other glycoside hydrolases due to the ability to hydrolyse β-1,4-glycosidic 
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bonds between glucosyl residues by means of a two-step acid hydrolysis mechanism (Knott et 
al., 2014). Exoglucanases initiate the cleavage of β-glycosidic bonds acting from either the 
reducing or non-reducing end of the cellulose chain releasing cellobiose. Endoglucanases 
initiate the cleavage of O-glycosidic bonds within the cellulose polymer, forming smaller 
carbohydrate fragments with reducing and non-reducing ends. While β-glucosidases are 
responsible for the cleavage of cellobiose into the monomeric sugar glucose (Béguin and 
Aubert, 1994; Yang et al., 2011). Synergistically, a complex interplay between the cellulase 
complex results in the complete degradation of cellulose into monomeric glucose. The cellulase 
complex is an inducible system when fungi are grown on cellulosic material, enabling the 
degradation of complex carbohydrates into simple sugars for cellular metabolism (Cherry and 
Fidantsef, 2003; Spatafora et al., 2017; Walton, 1994;). Consequently, the cellulase complex 
has been thoroughly investigated for efficient lignocellulosic biodegradation; a carbon source 
for secondary biofuel production (Yang et al., 2011). Considering the mass pollution of 
cigarette filters, a systematic fungal-based biorefinery could be an efficient system for the 
bioremediation of cigarette filters while extracting high-value compounds or producing 
composite materials. 
 
Cellulose acetate is a chemical derivative of cellulose, made of acetylated glucose linked β-
1,4-glycosidic bonds. In this regard, the cellulase complex is required for the cleavage of 
glycosidic bonds within cellulose acetate. However, deacetylation by acetyl esterase (EC 
3.1.1.6) is crucial for the initiation of cellulose acetate degradation (Haske-Cornelius et al., 
2017; Puls et al., 2010). The enzyme pathway required for the degradation of cellulose acetate 
is highlighted below (Fig. 9). Without considering the additional enzymatic mechanism in the 
degradative pathway of cellulose acetate, the material would deem non-biodegradable. Early 
reports on cellulose acetate biodegradation labelled the material as non-biodegradable, due to 
absence of acetyl esterase within the degradative biochemical pathway (Potts et al., 1972). 
Acetyl esterases have been identified to be responsible for the removal of acetyl moieties on 
cellulose acetate, allowing for the cellulase complex to hydrolyse the β-1,4-glycosidic bonds 
within cellulose. In this regard, highly acetylated cellulosic material is regarded as 
biodegradable within the scientific community (Bonanomi et al., 2020; Ho et al., 1983; Puls et 
al., 2010; Potts et al., 1972; Samios et al., 1997).  
 
The rate of degradation of cigarette filters by cellulases is dramatically affected due to the steric 
hindrance caused by acetyl groups. Although fungal cellulases differ to bacterial cellulosomes, 
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from a structural perspective, both are affected by acetyl groups found within cellulose acetate 
(Bayer et al., 1998). Fungal cellulases predominately form two separate domains known as the 
catalytic domain and the cellulose binding domain. The catalytic domain is responsible for the 
cleavage of glycosidic bonds, while the cellulose binding domain consists of approximately 35 
amino acids forming a linker region between the enzyme and the cellulose molecule (Bayer et 
al., 1998). Bacterial cellulosomes differ in the cellulose binding domain with a dockerin and 
single scaffolding cellulose binding domain (Bayer et al., 1994, 2004). Due to these structural 
restrictions, the acetyl group found on cellulose acetate sterically inhibits the binding of the 
cellulase complex. 
 
The active site of the catalytic domain within exoglucanases exists within a structural tunnel 
whereby the enzyme progressively funnels cellulose hydrolysing the β-1,4-glycosidic bonds 
releasing cellobiose (Divine et al., 1994).  With an acetyl group protruding from cellulose, the 
enzyme is blocked before it can continue moving along the cellulose molecule (Saake et al., 
1998). This was shown using a mixture of cellulolytic enzymes, excluding acetyl esterases, for 
the degradation of three different cellulosic materials: cellulose acetate (DS = 2.5), cellophane 
and unbleached kraft paper (Itävaara et al., 1999). Due to the absence of acetyl esterases, the 
cellulose acetate material was not degraded, while both cellophane and kraft paper were 
significantly degraded (78 % and 43 %, respectively). The active site of endoglucanases is 
arranged in an open manner, allowing cellulose derivatives to undergo catalytic cleavage within 
the internal O-glycosidic bonds of the cellulose molecule (Spezio et al., 1993). The DS of 
cellulose acetate stereochemically inhibits the catalytic ability of endoglucanases; however, 
due to the open conformation of the active site of the catalytic domain, endoglucanases could 
prove advantageous within a cellulose acetate degradative pathway. An endoglucanase from 
Trichoderma reesi was investigated for catalytic degradation of cellulose acetate with 
increasing DS and DP (Saake et al., 1998). Using size exclusion chromatography, the 
degradation of cellulose acetate by the endoglucanase, free of acetyl esterase activity, was 
analysed. As the DS increased to 2.5, the catalytic ability of the endoglucanase was inhibited, 
while at DS = 0.9, the molecule was rapidly degraded.  
 
Ultimately, screening micro-organisms for cellulases and acetyl esterases for the remediation 
of highly acetylated cellulose warrants further investigation (Puls et al., 2010). The inconsistent 
structure and limitations of working with insoluble cellulose has resulted in the use of 
carboxymethyl cellulose (CMC) as the conventional approach for screening and inducing 
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cellulases (Lynd et al., 2002). In combination with dye substrates, CMC functional plate-based 
screening permits a simple and cost-effective method for identifying fungal isolates with 
cellulolytic activity (Teather and Wood, 1982; Zhang et al., 2006). At the molecular level, 
CMC is a cellulose derivative with carboxymethyl groups (-CH2-COOH) substituting the 
hydroxyl group on a glucose monomer of the cellulose backbone (Leppänen et al., 2019; Simon 
et al., 1998). The DS of CMC can range from 0 to 3, due to the available -OH groups found 
within glucose (Leppänen et al., 2019). As mentioned, cellulose acetate is a derivative of 
cellulose, except with an acetyl group (-CH3CO) substituting the hydroxyl group on a glucose 
monomer of the cellulose backbone. Similar enzymatic activities would be required for the 
degradation of CMC and cellulose acetate (Leppänen et al., 2019). This is due to the 
requirement of esterase activity for the cleavage of side groups found on CMC and cellulose 
acetate, as well as the requirement of cellulolytic enzymes (Puls et al., 2010). Using CMC as a 
carbon source would induce novel cellulolytic enzymes capable of overcoming the presence of 
side groups found along the cellulose backbone. CMC as a carbon source induces 
carboxymethyl cellulases, which are predominantly endoglucanases, emphasizing the utility of 
CMC as a means of screening fungal isolates for cellulose acetate degrading capabilities (Payne 
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Figure 9: Cellulose acetate can be characterized by two major factors: the degree of polymerization and 
the degree of acetyl substitution. Here [ ]N represents the degree of polymerization to be greater than 
16,000 and DS = 2.0. At DS = 2.0, acetyl esterases exhibit activity towards the molecule allowing for the 
deacetylation of cellulose acetate. As the DS decreases below 2.0, both endoglucanses and exoglucanses 
begin to exhibit activity towards the molecule. Once the molecule is broken down into shorter 
carbohydrates, the molecule becomes soluble in water. As the DS = 1.0, β-glucosidases begin to exhibit 
activity towards the molecule, releasing glucose for cellular metabolism and growth. The synergy of these 
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Genetic adaptability of fungi isolated from polluted environments for an 
improved mycoremediation strategy 
 
Fungi are known for their impressive ability in degrading recalcitrant materials within the 
environment even despite poor growth conditions and nutrient availability. The limited 
information on the microbial ecology and structure within polluted environments leaves gaps 
of information regarding the in situ biochemical processes that are occurring. The advent of 
environmental genomics and fungal genomics has aided our understanding of the microbial 
ecology, structure, and physiology to some degree (Cuadros-Orellana et al., 2013; Sharma, 
2016; Srivastava, 2015). cDNA libraries have enabled a better understanding of the microbial 
structure and the subsequent catabolic processes responsible for the degradation of 
anthropogenic compounds (Testa et al., 2012). These culture-independent approaches involve 
the utility of enzymes rather than fungal whole-cell growth and biomass. The utility of enzymes 
negates certain limitations of fungal whole-cell growth regarding time, minimal lag phase, 
limited sludge/waste and better control of the overall process (Deshmukh et al., 2016). 
However, enzymes present different limitations such as shelf life, decreased stability, and 
exorbitant cost of enzyme production/purification. Cell-free enzyme catalysis of anthropogenic 
material may be ineffective depending on the structure, solubility, and physical form of the 
pollutant. Furthermore, the use of genetically modified micro-organisms for bioremediation 
within the environment raises ethical concerns and therefore should be carefully considered 
(Urgun-Demirtas et al., 2008).  
 
From a genomic perspective, fungi isolated from a cigarette bin would herald novel and 
efficient cellulolytic open reading frames (ORFs) for the degradation of cellulose acetate. 
These adaptations permit the proliferation of fungi within a cellulose acetate-rich environment 
whilst surviving the toxicity of remnant tobacco. From a conceptual point of view, the 
adaptations required for successful cellulose acetate degradation would be expected to occur 
within acetyl esterases, exoglucanases, endoglucanases and β-glucosidases (Puls et al., 2010). 
These genomic clues could vary from early beneficial mutations to gradual genetic 
improvements. One could prospect an early beneficial mutation of an ancestral exoglucanase 
whereby the tunnel, where the active site is positioned, structurally widens allowing cellulose 
to thread through the funnel regardless of the 2.5 acetyl DS (Divine et al., 1994). More 
realistically, carbohydrate esterases and/or cellulose acetate esterases would effectively negate 
the initial enzymatic mechanism required for cellulose acetate degradation. Cellulose acetate 
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esterases have been identified and shown to deacetylate multiple carbon positions of a 
monomeric glucose unit within cellulose acetate (Moriyoshi et al., 2005; Sakai et al., 1996). 
Fungi isolated from a cigarette bin would potentially herald such genetic adaptations in order 
to exploit cellulose acetate as a means of carbon. Consequently, culture-dependent approaches 
alongside vigorous screening for esterase and cellulolytic enzyme activity would enable the 
identification of an efficient fungal isolate capable of degrading cellulose acetate. Furthermore, 
fungi can adapt to their carbon and nutrient environments, a concept of genetic adaptability, 
providing an enhanced strategy for the expression of such novel enzymes.  
 
The use of fungi as a technique of bioremediation is termed mycoremediation, a cost-effective 
method for the degradation of anthropogenic material (Gillespie and Philip, 2013). Current 
applications of mycoremediation encompass a wide range of recalcitrant anthropogenic 
compounds such as dyes, detergents, pharmaceuticals, agricultural waste, heavy metals, 
herbicides, insecticides and polycyclic hydrocarbons (Azubuike et al., 2016; Balaji et al., 2014; 
Bhattacharya et al., 2011; Kapahi and Sachdeva, 2017; Khan et al., 2019; Kim et al., 2007; 
Lladó et al., 2013; Mishra and Malik, 2014; Prieto et al., 2011; Rodarte-Morales et al., 2011; 
Singh et al., 2015). This can be applied through either in situ remediation of polluted sites, or 
alternatively, controlled conditions within bioreactors (Akhtar and Mannan, 2020). 
Regrettable, not all fungi exude the necessary enzymes that enable the breakdown of 
environmental pollutants. The prevailing view of identifying and culturing fungi from polluted 
environments for the degradation of specific anthropogenic material remains a golden standard 
for bioremediation. Biostimulation and bioaugmentation are two important concepts of 
bioremediation that can be used to explain this phenomenon (Anderson and Juday, 2016; Silva 
et al., 2004). Biostimulation is the process of stimulating a polluted environment through 
changing environmental conditions in order to optimize the degradation of pollutants by native 
organisms. Bioaugmentation is the addition of new and/or more organisms in order to degrade 
pollutants within a specific environment (Fantroussi and Agathos, 2005; Hosokawa et al., 
2009; Tyagi et al., 2010). In addition, autochthonous bioaugmentation takes advantage of 
native organisms isolated from polluted environments, which have been biochemically 
characterized for the degradation of specific pollutants, and are subsequently reintroduced into 
the environment/bioreactor after transcriptome enhancement under laboratory conditions 
(Ueno et al., 2007; Weber and Corseuil, 1994). Within the context of cigarette filters, the 
growth conditions and media requirements for transcriptome enhancement should promote the 
expression of cellulolytic enzymes. An autochthonous bioaugmentation approach for the 
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Figure 10: An autochthonous bioaugmentation approach for the remediation of cigarette filters based 
on a generalized strategy of isolating fungi from cellulose acetate-rich environments. 
 
remediation of cigarette filters could be based on fungal inoculations of polluted 
environments/large-scale bioreactors, previously enriched for cellulolytic enzymes using CMC 
(Fig. 10). This approach reduces the technical expertise required for an efficient 
mycoremediation strategy of cigarette filters, while still benefitting from novel and beneficial 
genetic adaptations of fungi isolated from a cigarette bin. Yet, isolating fungi from a cigarette 
bin and determining the activity of specific enzymes that complement the catabolic pathway of 
cellulose acetate seems to be under-reported. Research investigating microbial communities 
found within polluted environments is contributing to advanced bioremediation technologies 
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Aims and objectives 
 
The aim of this chapter was to investigate the four fungal isolates harvested from the cigarette 
bin and select a candidate isolate for autochthonous bioaugmentation of cigarette filters. The 
four fungal isolates were screened for β-glucosidase, cellulase and esterase activity via 
functional plate-based screening in order to determine the best candidate isolate. Additionally, 
the four fungi were investigated for the utility/growth on cellulose and cellulose acetate 
cigarette filters. Based on the outcome of these two objectives, a candidate isolate was selected 
and investigated for a baseline activity using pNP-linked substrates via in vitro enzyme analysis 
on crude protein extracts. The following pNP-linked substrates were used in order to 
complement the enzymatic pathway required for cellulose acetate degradation: 4–nitrophenyl 
acetate, 2–chloro–4–nitrophenyl–β–cellobioside, and 4–nitrophenyl–β–D–glucopyranoside. 
Furthermore, the candidate isolate was enriched using CMC for enhanced cellulolytic 
expression primed for cellulase and acetyl esterase expression. Although comparisons in 
enzyme activities between the baseline (glycerol stock) and enhanced cellulolytic expression 
(subculture) of our candidate isolate were not conducted, the baseline activity of F. 
proliferaturm was determined using pNP-linked substrates that complements the enzymes 
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2.2 Materials and methods 
2.2.1 Functional plate-based screening 
 
All four isolates were screened for β-glucosidase, cellulase and esterase activity through 
functional plate-based screening. Isolate spores were spotted using 10 μl of glycerol stocks on 
the functional plates (72 h, 25 °C in the dark for β-glucosidase and esterase activity; 120 h, 25 
°C in the dark for cellulase activity). The three plates included: esculin plates (0.17 M NaCl, 1 
% bacto peptone (w/v), 1.5 % agar (w/v), 0.5 % yeast extract (w/v), 0.05 % ferric citrate (w/v), 
0.01 % esculin (w/v)) for screening β-glucosidase activity, CMC plates (0.5 % agar (w/v), 0.2 
% gelatine (w/v), 0.188 % carboxymethylcellulose (w/v), 0.05 % K2HPO4 (w/v), 0.025 % 
MgSO4.7H2O (w/v), 0.02 % Congo red (w/v)) for screening cellulase activity and tributyrin 
plates (2 % tributyrin agar (w/v), 1 % tributyrin (v/v), 0.02 % rhodamine B (w/v)) for screening 
esterase activity. 
 
2.2.2 Cellulose and cellulose acetate degradation 
 
The four isolates were investigated for cellulose and cellulose acetate degradation using 
cellulose and cellulose acetate filters. The observations were based on the ability of the fungal 
isolates to grow within the filter and use the filter as a means of carbon. Fungal spores were 
harvested from MEA plates (72 h, 25 °C in the dark) and normalized to 120 000 spores/ml 
using a hemocytometer in order to standardize the number of spores, of which 10 μl was spotted 
on MEA, MEA with cellulose filter and MEA with cellulose acetate filter (144 h, 25 °C in the 
dark). Both cellulose and cellulose acetate cigarette filters were purchased from the rolling 
tobacco brand Veniti®. 
 
2.2.3 Candidate fungi I4: enhanced cellulolytic expression through CMC media enrichment 
 
Of the four fungal isolates, only I4 indicated a clear hydrolysis zone after media enrichment, 
and therefore, I1, I2, and I3 were excluded from this section. Transcriptome enhancement of 
I4 was achieved by repeatedly subculturing on CMC media (25 °C in the dark). Initially, the 
time between cultivation was two to four weeks, until cultivation occurred every three days. 
Standard cultivating techniques were applied using dH2O and 0.1 % Tween 80 (v/v) for spore 
suspension, followed by subsequent spotting of 10 μl on CMC functional plates.  
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2.2.4 Candidate fungi I4: culture conditions, protein extraction and in vitro enzyme assays for 
the determination of a baseline cellulolytic activity  
 
Baseline cellulolytic enzyme activity of I4 was analyzed by growing culture inoculations in 
liquid LB (Luria broth; 0.17 M NaCl, 1.5 % agar, 1 % peptone, 0.5 % yeast extract; 100 rpm, 
144 h, 25 °C in the dark). Protein extractions were executed by harvesting and filtering the 
media from the mycelia using a Whatman filter. Following this, the biomass was washed 
several times with sterile ddH2O and blotted onto filter paper. The mycelia was then transferred 
to a 50 ml Falcon tube containing sterilized glass beads (0.5 cm in diameter) in a ratio of 1:1. 
After which, 4 ml of extraction buffer (50 mM HEPES-KOH pH 7.5, 5 mM MgCl2, 1 mM 
EDTA (ethylenediaminetetraacetic acid), 20 mM DTT (dithiothreitol), 0.1 % Triton-X 100 
(v/v), 1 mM PMSF (phenylmethylsulfonyl fluoride), 50 mM sodium ascorbate, and 2 %  PVP 
(polyvinylpyrrolidone; w/v)) was added to the Falcon tube. The 50 ml Falcon tube containing 
mycelia, glass beads and extraction buffer was then subjected to five repeats of vigorous 
shaking using a standard bench vortex (60 s), followed by 30 s on ice (5 W output). Finally, a 
5 s sonication on ice before centrifugation (5 000 g, 10 min, 4 °C) in order to recover the crude 
protein supernatant. Protein concentrations were tested in the BioRad Bradford Protein Assay 
(Bio-Rad).  
 
The pNP-linked substrates were incubated in technical repeats of three using a transparent 96-
well microtiter plate (Greiner Bio-One, South Africa) with the following components: 40 μl of 
HEPES (100 mM, pH 7.5), 10 μl of pNP-linked substrate (0.2 mM), and 50 ul of crude enzyme 
lysate  (30 min, 37 °C). The reactions were inhibited through the addition of 200 μl sodium 
carbonate (100 mM, pH 10) followed by spectrophotometric analysis at 405 nm. The following 
pNP-linked substrates were used: 4–nitrophenyl acetate, 2–chloro–4–nitrophenyl–β–
cellobioside, and 4–nitrophenyl–β–D–glucopyranoside. Absorbances were measured at 405 
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2.3 Results 
2.3.1 Functional plate-based screening for fungi isolated from the cigarette bin 
 
Gross morphology for I1, I2, I3 and I4 were photographed by spotting fungal spores on LB 
agar plates represented as the control for the β-glucosidase functional plates (Fig. 11). The four 
fungal isolates were screened on LB agar esculin plates for the presence of β-glucosidase 
activity. All four fungal isolates explicitly indicated β-glucosidase activity as visualized by the 
brown hydrolysis zone when compared to the gross morphology of the control (Fig. 11). 
Cellulolytic fungal activity was determined based on the ability to grow on CMC plates, as 
well as, the formation of a clear hydrolysis zone surrounding the colony (Fig. 11). Initially no 
clear zone of hydrolysis was present for all four fungal isolates, however after repeated 
subculturing, F. proliferatum indicated a prominent hydrolysis zone (Fig. 13). Esterase fungal 
activity was determined by spotting spores onto tributyrin plates and evaluated for a clear 
hydrolysis zone (Fig. 11). All four fungal isolates were able to grow on the tributyrin plates 
however, the presence of a hydrolysis zone was unclear.  
 
2.3.2 Cellulose and cellulose acetate degradation 
 
Although the three M. circinelloides f. circinelloides grew prominently on the MEA plates, 
little to no growth within both the cellulose and cellulose acetate filters occurred (Fig. 12). The 
growth of F. proliferatum was comparably different with successful growth within the cellulose 
and cellulose acetate filters and consequently an indication of assimilating carbon from the 
cigarette filters. Evidently, M. circinelloides f. circinelloides seemed to be too large to grow 
within the porous matrix of the filters while F. proliferatum, being 10-fold smaller, was fully 
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Figure 11: Functional plate-based screening for β-glucosidase, cellulase and esterase enzyme activity 
for I1, I2, I3, and I4. Gross morphology on LB media is represented by the control column. Esculin LB 
plates were used for β-glucosidase screening, with positive enzyme activity indicated by the presence 
of a brown halo. CMC plates were used for cellulase screening, with positive enzyme activity indicated 
by the presence of a clear zone. Tributyrin plates were used to screening for esterase activity, indicated 
by the presence of a shiny halo. All images were photographed at 72 h, except for the CMC plates which 
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Figure 398: Investigating the growth/utility of cellulose and cellulose acetate cigarette filters. The 
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Figure 13470: I4 spotted on CMC plates supplemented with Congo red dye (72 h, 25 °C in the dark). 
The left image represents spores from cryogenic storage. The right image represents the enhanced 
cellulolytic spores from repeated subculturing. 
2.3.3 Candidate fungi I4: enhanced cellulolytic expression after subculturing on CMC   
 
After several months of subculturing I4 on CMC, F. proliferatum displayed a distinct genetic 
adaptability for the utility of CMC as a carbon source. A qualitative comparison for the genetic 
adaptability of I4 was based on functional plate-based screening cryogenic and enhanced 
cellulolytic expression spores grown on CMC (72 h, 25 °C in the dark). The criteria for 
successful cellulolytic enzyme activity was based on the size of the hydrolysis zone and relative 
growth. Based on this criteria, high levels of cellulases were produced, indicating a large 
hydrolysis zone, and a relatively greater biomass compared to spores from cryogenic storage 
(Fig. 13). The use of a hemocytometer was unnecessary for this experimental section as relative 
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Figure 14551: Crude protein extracts from I4 grown in LB media for a baseline assessment using the 
synthetic chromogenic substrates 4-nitrophenyl acetate, 4-nitrophenyl-β-D-glucopyranoside, and 2-
chloro-4-nitrophenyl-β-cellobioside. The crude protein extracts (50 μl) were incubated with 0.2 mM of 
pNP-linked substrates (10 μl) and 100 mM HEPES (40 μl) for 30 min at 37 °C. The pNP-linked 
substrates were incubated in technical repeats of three using a transparent 96-well microtiter plate. The 
reaction was inhibited through the addition of 100 mM sodium carbonate (200 μl) followed by 
spectrophotometric analysis at 405 nm. 
 
2.3.4 Candidate fungi I4: In vitro enzyme assays for baseline activity using pNP-linked 
substrates complementing the metabolic pathway required for cellulose acetate degradation 
 
For the determination of a holistic baseline enzyme activity for I4, culture inoculations were 
grown in liquid LB, a peptide- and amino-acid-rich medium. Crude protein extracts were tested 
on the following pNP-linked substrates: 4–nitrophenyl acetate, 4–nitrophenyl–β–D–
glucopyranoside, and 2–chloro–4–nitrophenyl–β–cellobioside (Fig. 14). The utility of these 
three substrates was an attempt to complement the metabolic pathway required for cellulose 
acetate degradation. The mean baseline enzyme activity for the substrate 4–nitrophenyl acetate 
was 157.9 nkat/mg of protein, with a standard deviation of 26.0 nkat/mg of protein. The mean 
baseline enzyme activity for the substrate 4–nitrophenyl–β–D–glucopyranoside was 115.7 
nkat/mg of protein, with a standard deviation of 1.4 nkat/mg of protein. The enzyme activity 
for the substrate 2–chloro–4–nitrophenyl–β–cellobioside was not determinable due to 
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2.4 Discussion 
Within the last several years alone, scientific research has indicated a growing concern for 
cigarette filter pollution and the associated environmental effects (Araújo and Costa, 2019a, 
2019b; Bonanomi et al., 2020; El Hadri et al., 2020; Green et al., 2019, 2020; Kataržytė et al., 
2020; Kurmus and Mohajerani, 2020; Mansouri et al., 2020; Ruprecht et al., 2017; 
Torkashvand and Farzadkia, 2019; Torkashvand et al., 2020; Wright et al., 2015). Cigarette 
filter pollution is a global issue compounded by the prevalence of smokers and their behavior 
towards social acceptance of littering (Ng et al., 2014; Patel et al., 2013; Rath et al., 2012). 
The need for effective waste management and recycling solutions for cigarette filter pollution 
is paramount. Various solutions for recycling cigarette filters have been proposed (Marinello 
et al., 2020; Torkashvand and Farzadkia, 2019). Most solutions focus on the valorization of 
cigarette filters through the production of bricks, asphalt, vector controls, activated carbon, 
biofilms, paper, sound absorbents, metal corrosion inhibitors, and supercapacitors (Marinello 
et al., 2020; Torkashvand and Farzadkia, 2019). Biotechnological approaches within the realm 
of molecular biology are however lacking.  
 
Considering the high content of cellulose within cigarette filters and the quantity of cigarette 
filter pollution, cigarette filters may offer an alternative source input for the production of 
bioethanol (Abu-Danso, et al., 2019; Sarkar et al., 2012). The use of cellulose within 
lignocellulosic waste is well established for the production of bioethanol. Second generation 
biofuels generally follow a two-step process of degrading lignocellulose into glucose followed 
by facile fermentation of glucose into ethanol (Anwar et al., 2014; Berlemont, 2017; Chen et 
al., 2018; Li et al., 2019). This can be incorporated into a one-step process for degradation and 
fermentation of lignocellulosic material using whole-cell inoculations (Molaverdi et al., 2019; 
Qiu et al., 2017). Lignocellulose comprises of lignin and hemicellulose, both of which are 
recalcitrant to enzymatic saccharification. In this regard, cellulose acetate may be a potentially 
improved alternative for the production of bioethanol (Abu-Danso et al., 2019; Cai et al., 2016; 
Molaverdi et al., 2019). A fungal-based biorefinery for the remediation of cigarette filters while 
extracting high-value products, such as bioethanol, feeds into a sustainable economic model. 
The generalized strategy of isolating, identifying, and characterizing fungi harvested from a 
cellulose acetate rich environment could provide effective solutions for cigarette filter 
pollution. Expanding on this generalized strategy of isolating, identifying and characterizing 
fungal isolates for cellulose acetate degrading capabilities, functional plate-based screening is 
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a cost effective and high-throughput method for identifying fungi with specific enzymatic 
capabilities (Coronado-Ruiz et al., 2018; Gohel et al., 2014; Johnsen and Krause, 2014; 
Meddeb-Mouelhi et al., 2014; Venkatesagowda et al., 2012).  
 
In order to complete the enzyme pathway required for the degradation of cellulose acetate, 
multiple functional plate-based recipes were used to screen the fungal isolates. The four fungal 
isolates were screened for β-glucosidase, cellulase and esterase activity (Fig. 11); the 
enzymatic pathway required for cellulose acetate degradation (Fig. 9). All four fungal isolates 
indicated β-glucosidase activity through the formation of a brown halo when compared to the 
control (Fig. 11). The principle of the esculin plates for screening β-glucosidase activity is 
based on the hydrolysis of esculin, by β-glucosidases, releasing glucose and esculetin. The 
latter then binds to iron ions present within the media forming a brown halo representing β-
glucosidase activity (Veena, 2011). This was to be expected, as fungi are well known for the 
production of β-glucosidases in order for glucose assimilation and is consolidated by the 
functional plate-based screening (Fig. 11; Divine, 1994). More so, β-glucosidases would be 
crucial for the complete degradation of cellulose acetate into monomeric glucose due to the 
nutritional limitations of a cigarette filter (Banonomi et al., 2020). All four fungal isolates were 
screened for cellulase activity using CMC functional plates (Fig. 11). For CMC functional 
plates, the formation of a clear hydrolysis zone is an indication of cellulolytic activity. Congo 
red exhibits a strong binding affinity towards large polysaccharides forming a red pigmentation 
through the media (Fig. 11). As cellulases degrade the polysaccharide within the media (CMC), 
Congo red exhibits a very weak binding affinity to the monosaccharides released, resulting in 
a clear hydrolysis zone (Gohel et al., 2014). All four isolates were fully capable of growing on 
CMC, suggesting the presence of inherent cellulases. Initial observations indicated that none 
of the isolates formed a clear hydrolysis zone. After subculturing the fungal isolates on CMC, 
I4 begun to elicit a clear hydrolysis zone and an increased growth rate. After several months, 
the enhanced cellulolytic expression of I4 drastically improved the utility of CMC as a carbon 
source, indicating a strong genetic adaptability towards the degradation of cellulosic material. 
Spores harvested from the subcultured of I4 grew much quicker and indicated a definite clear 
hydrolysis zone compared to spores from cryogenic storage (Fig. 13). Functional plate-based 
screening for esterase activity using tributyrin plates was unclear (Fig. 11). Interestingly, the 
dimorphic nature of the M. circinelloides f. circinelloides was induced on tributyrin with both 
filamentous and yeast growth present. In parallel with the functional plate-based screening, the 
isolates were screened for the utility of cellulose and cellulose acetate cigarette filters with 
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respect to the ability of the fungal isolates to grow within the filter and use the filter as a means 
of carbon (Fig. 12). I4 was receptive to both cellulose and cellulose acetate cigarette filters 
with relatively better growth within the cigarette filter and utility of the cigarette filter as a 
source of carbon.  
 
The remediation of cigarette filter pollution requires extensive consideration in multiple facets. 
Firstly, due to the high acetyl DS, molecular weight, crystallinity, insolubility and physical 
form of cigarette filters, cell-free biocatalysis may be unfeasible (Hamzah and Umar, 2017; 
Haske-Cornelius et al., 2017; Puls et al., 2010; Robertson et al., 2012; Sakai et al., 1996). 
Considering the limited shelf life, decreased stability, and exorbitant cost of enzyme 
production/purification, cell-free biocatalysis limits the economic feasibility for the 
bioremediation of cigarette filter pollution. The use of whole-cell fungal growth provides 
valorisation opportunities from cigarette filter pollution in the form of high-value products such 
as bioethanol. Secondly, novel enzymes from fungi, heterologously expressed in bacteria, are 
limited to bioreactors due to strict policies and legislation regarding the use of genetically 
modified bacteria for in situ bioremediation (Urgun-Demirtas et al., 2008). Restricted to 
bioreactors, a bacterial expression system with multiple heterologously expressed ORFs for a 
complete catabolic pathway of cellulose acetate would innately complicate the system. 
Considering the plethora of toxic compounds within a cigarette filter, a bacterial expression 
system would need multiple mechanisms to deal with this alone. Due to the origin of the fungal 
isolates harvested, innate mechanism for the degradation/bioaccumulation of toxic compounds 
and heavy metals may be available from a genomic perspective (Cui et al., 2017; Zhang et al., 
2017). Thirdly, due to the genetic adaptability of I4 towards the utility of CMC as the carbon 
source (Fig. 14), as well as the successful functional screening (Fig. 12; Fig. 13), the focus of 
the study centred around I4. The innate plant-pathogenic mechanisms and cell wall degrading 
enzymes would be available for F. proliferatum that could enable the isolate the ability to 
degrade remnant tobacco and the cellulose acetate-based cigarette filter. Ultimately, 
mycoremediation using whole-cell growth of cellulose acetate degrading fungi provides 
valorisation opportunities from cigarette filter pollution while remaining relatively simple, 
inexpensive, and environmentally friendly.  
 
Protein extractions from I4, grown in liquid LB, were therefore tested in vitro for cellulolytic 
and acetyl esterase enzyme activity. This was achieved using the following pNP-linked 
substrates; 4–nitrophenyl acetate, 4–nitrophenyl–β–D–glucopyranoside, and 2–chloro–4–
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nitrophenyl–β–cellobioside (Fig. 14). The principle of pNP-linked substrates for in vitro 
enzyme analysis is based on the chromogenic molecule para-nitrophenyl (pNP). pNP is a 
transparent molecule when bound to a substrate and a bright yellow molecule when unbound 
to a substrate (Bessey et al., 1946; King and Nicholson, 1939). When a specific enzyme acts 
on the pNP-linked substrate, the substrate is cleaved, releasing pNP causing a shift in 
absorbance. This change in absorption can be measured spectrophotometrically at an 
absorbance wavelength of 405 nm and compared to a set of standards. Due to the 1:1 
stoichiometric ratio of pNP and substrate, one katal is the enzyme activity defined by the 
conversion of one mole of substrate per second at 37 °C in pH 7.5 HEPES buffer. The mean 
baseline activity of crude extracts from I4 was 157.9 nkat/mg of protein and 115.7 nkat/mg of 
protein for 4–nitrophenyl acetate and 4–nitrophenyl–β–D–glucopyranoside, respectively. 
There was no measurable shift in absorbance using the pNP-linked substrate 2–chloro–4–
nitrophenyl–β–cellobioside from the baseline protein extracts and therefore the enzyme activity 
was non determinable.  
 
Although 4–nitrophenyl acetate is a suitable substrate for the determination of acetyl esterase 
activity, the substrate is susceptible to other enzymatic activities such as, α-chymotrypsin, 
acetylcholinesterase and 3-phosphoglyceraldehyde dehydrogenase and certain classes of 
carbonic anhydrases (Anderson et al., 1994; Park et al., 1961; Prabhu et al., 2009; Taylor et 
al., 1961; Wanjari et al., 2012). The latter two enzymes are ubiquitous in fungi and play an 
important role in cellular metabolism and growth. The enzyme 3-phosphoglyceraldehyde 
dehydrogenase catalyzes the oxidation of 3-phosphoglyceraldehyde to 1,3-diphosphoglyceric 
acid, the sixth step of glycolysis, while carbonic anhydrases are responsible for the 
interconversion of carbon dioxide and carbonic acid (Elleuche and Pöggeler, 2009; White and 
Garcin, 2017). Enzyme activity towards 4–nitrophenyl acetate is not solely contributed by 
acetyl esterases due to the use of crude protein extracts from I4 (Fig. 14). Nevertheless, 
esterases from various fungi have been analyzed using 4–nitrophenyl acetate for the in vitro 
analysis of acetyl esterase activity from crude and purified protein extracts. A broad overview 
of in vitro enzyme activity using 4–nitrophenyl acetate for the determination of acetyl esterase 
activity from different fungi indicate a range of acetyl esterase activities from 2.3 nkat/mg of 
protein to ~45000 nkat/mg of protein (Blum et al., 1999; Christakopoulos et al., 1991; Ghatora 
et al., 2006; Luo et al., 2012; Luo et al., 2014; Pereira et al., 2013; Thiele and Rehm, 1979; 
Venkatesagowda et al., 2012).  
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Within the genus Fusarium, esterase activity has been reported in Fusarium sp., F. 
sambucinum, F. torulosum, F. sarcochroum, F. bactridioides, F. oxysporum, F. graminearum, 
F. solani, F. lini and F. proliferatum (Christakopoulos et al., 1991; Donaghy and Mckay, 1992; 
Hawthorne et al., 2001; Luo et al., 2014; Shin and Chen, 2006; Skovgaard and Rosendahl, 
1998; Szécsi et al., 1995; Thiele and Rehm, 1979; Topakas et al., 2003; Venkatesagowda et 
al., 2012). Studies using the synthetic substrate 4–nitrophenyl acetate for determination of 
acetyl esterase activity have only been determined for Fusarium sp. with 45009 nkat/mg of 
protein, F. oxysporum with 7.1 nkat/mg and 556 nkat/mg of protein, and F. lini with 23554.7 
nkat/mg of protein (Christakopoulos et al., 1999; Luo et al., 2014; Thiele and Rehm, 1979; 
Venkatesagowda et al., 2012). Interestingly, intracellular and extracellular protein analysis of 
Fusarium species indicate esterase activity within the intracellular protein for F. sambucinum, 
F. torulosum, F. sarcochroum, F. bactridioides, and F. oxysporum while F. graminearum, F. 
oxysporum, F. solani, F. lini and F. proliferatum indicate esterase activity within the 
extracellular protein (Christakopoulos et al., 1999; Donaghy and Mckay, 1992; Hawthorne et 
al., 2001; Luo et al., 2014; Shin and Chen, 2006; Skovgaard and Rosendahl, 1998; Szécsi et 
al., 1995; Topakas et al., 2003; Thiele and Rehm, 1979; Venkatesagowda et al., 2012). Our 
results from the baseline assay indicate that acetyl esterase activity was present in the 
intracellular protein of F. proliferatum with an activity of 157.9 nkat/mg of protein towards 4–
nitrophenyl acetate.  
 
Although the enzyme analysis for acetyl esterase activity within the extracellular fluid was not 
conducted, future studies should include both intracellular and extracellular enzyme analysis. 
Fungi secrete a suite of extracellular enzymes for the degradation of complex molecules within 
the environment for the assimilation of carbohydrates, amino acids and fatty acids. 
Investigating the extracellular protein extract alongside the intracellular protein extract would 
provide a holistic protein analysis of F. prolierfatum. Many Fusarium species such as F. 
proliferatum exhibit an inherent esterase activity, which was confirmed in the in vitro enzyme 
assay (Fig. 14). Considering the plant pathogenic nature of Fusarium species, the virulence 
factor has been linked to cutinase, lipase and esterase activity (Kolattukudy et al., 1995; 
Kolattukudy, 2002; Rocha et al., 2008). For the mycelia to penetrate the cuticle of plants, these 
enzymes act on polyesters consisting of hydroxy and epoxy fatty acids which form the cutin. 
Within the context of a cigarette bin, these inherent enzyme activities of F. proliferatum may 
be available as ancestral or promiscuous enzymes capable of mutational events for novel 
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enzyme capabilities for the deacetylation of short chain acetyl groups on cellulose acetate 
(Guzmán et al., 2019).  
 
From a cellulolytic perspective, the substrates 4–nitrophenyl–β–D–glucopyranoside and 2–
chloro–4–nitrophenyl–β–cellobioside were tested using the intracellular crude protein from F. 
proliferatum. The baseline enzyme activity for F. proliferatum towards 2–chloro–4–
nitrophenyl–β–cellobioside resulted in no measurable shift in absorbance. The enzyme activity 
of the endo-1,4-β-glucanases from F. proliferatum towards the substrate 2–chloro–4–
nitrophenyl–β–cellobioside was non-determinable. This was expected for the baseline activity 
of F. proliferatum as LB is a peptide- and amino-acid-rich medium that would not induce endo-
1,4-β-glucanases. When grown in the presence of cellobioside, the cellulase complex is induced 
causing F. proliferatum to indicate an enzyme activity of 7101 nkat/mg of protein (Gao et al., 
2012). A broad overview of in vitro enzyme activity using 4–nitrophenyl–β–D–
glucopyranoside from different fungi indicate a range of β-glucosidase activity from 12.4 
nkat/mg to 23671 nkat/mg of protein (Amouri et al., 2006; Daroit et al., 2008; Dikshit and 
Tallapragade, 2015; Joo et al., 2009; Kaur et al., 2007; Karnchanatat et al., 2007; Valaskova 
and Baldrian, 2006; Xie et al., 2004; Zhao et al., 2013). Using the substrate 4–nitrophenyl–β–
D–glucopyranoside for the determination of β-glucosidase activity for Fusarium species have 
been determined for F. oxysporum reaching up to 60 nkat/mg of protein, F. verticilliodes with 
601.9 nkat/mg of protein, F. solani with 83 nkat/ml of protein, and F. proliferatum with 81 
nkat/mg of protein (Boudabbous et al., 2016; Gao et al., 2012; Ravalason et al., 2012; Su et 
al., 2006; Su et al., 2009; Xiros et al., 2008; Zhao et al., 2013). Our results from the baseline 
assay indicate β-glucosidase activity was present in the intracellular protein of F. proliferatum 
with an activity of 115.7 nkat/mg of protein towards 4–nitrophenyl–β–D–glucopyranoside 
(Fig. 14). Future studies should focus on both the intracellular and extracellular protein 
fractions for a holistic β-glucosidase enzyme analysis of F. proliferatum. 
 
Many Fusarium species have been applied to the degradation of lignocellulosic biomass for 
the production of bioethanol (Almeida et al., 2014; Behera and Ray, 2016; Indira et al., 2016; 
Olajuyigbe et al., 2016; Panagiotou et al., 2011; Xiros et al., 2011). Members of Fusarium are 
known proficient producers of cellulases and fully capable of utilizing cellulose as the sole 
carbon substrate (Gupta and Verma, 2015). Fusarium species have been grown and analyzed 
on cellulosic substrates such as corn cob, corn starch, straw, wheat bran and brewers’ grain 
(Ali et al., 2016; Almeida et al., 2014; Anasontzis et al., 2011; Baeyens et al., 2015; Vohra et 
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al., 2014; Xiros et al., 2011; Xu et al., 2015). The use of F. oxysporum for the production of 
bioethanol using brewers’ grain and corn cob as the carbon source yielded 65 g ethanol/kg of 
brewers’ grain (Xiros et al., 2008). Similarly, using rice straw as a carbon source (1-10 % w/v), 
F. oxysporum was able to produce 0.125 g ethanol/g of rice straw under high ionic liquids (Xu 
et al., 2015). Hypothetically, if similar yields of ethanol production were obtained using the 
total amount of cigarette filters littered annually, a maximum yield of 6 million kg of ethanol 
would be obtained. These studies on F. oxysporum, suggest promising results for Fusarium 
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Future prospects 
Although, the comparison for F. proliferatum of baseline activity and enhanced cellulolytic 
expression did not occur, the experimental design was devised. This future experiment would 
be inoculations of F. proliferatum for the comparison of baseline enzyme activity grown in LB 
from glycerol stock, enzyme activity grown in CMC from glycerol stock, and enhanced enzyme 
activity grown in CMC from enhanced cellulolytic expression. Both the intracellular and 
extracellular protein fractions should be investigated using the same pNP-linked substrates 
used in this study. If improved enzyme activities for acetyl esterases, β-glucosidase, and 
cellulases are obtained when grown on CMC, direct extrapolation for cellulose acetate 
degradation may be accurate. Using the enhanced cellulolytic expression of F. proliferatum for 
the inoculation of CMC would provide a better idea of the genetic adaptability and the potential 
application for improved cellulose acetate degradation.  
 
Future studies should not exclude the three M. circinelloides isolates harvested from the 
cigarette bin. The living synergistic microbiome of the cigarette bin enabled the 
microorganisms to thrive in this ecological niche. Co-inoculation studies should be investigated 
in order to try mimic the synergistic microbiome of the cigarette bin. Mucor circinelloides have 
been reported to produce a complete cellulolytic cocktail enabling the utility of cellulose and 
cellobiose as the sole carbon substrate (Alves et al., 2002; Huang et al., 2014; Saha and Bothast, 
1999; Saha, 2004; Shimonaka et al., 2006; Takano et al., 2012). Additionally, Mucor 
circinelloides produces mycelia-bound lipases, of which over 20 % of the total biomass can be 
lipid derivatives suggesting potential acetyl esterase activity (Andrade et al., 2014; Carvalho 
et al., 2015; Magdum et al., 2015; Szczęsna-Antczak et al., 2018; Vicente et al., 2009). 
Recently, the utilization of Mucor circinelloides for the remediation of polyphosphates and 
heavy metals has proven highly successful (Cui et al., 2017; Zhang et al., 2017). In this regard, 
co-inoculations of I1, I2, I3, and I4, could possibly work synergistically in such a manner that 
each has a uniquely developed function to assist in the degradation of cigarette filters. 
Expanding on future experiments, a pilot scale study for the analysis of CO2 emissions and 
bioethanol production using the fungal isolates in an anaerobic digestor using cigarette filter 
waste as the carbon source would provide preliminary results for the potential scale up of a 
fungal-based biorefinery focused on the remediation of cigarette filter pollution. 
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Supplementary data 
Table 4: Summary of chemicals identified in cigarette emissions and extractions (Adapted 
from Poppendieck et al., 2016). 
Chemical CAS MW 
(g/mol) 




Ethanol 64-17-5 46.1 Tipping 
paper 
Air Huang et 
al., 2014 
2-furfuryl Alcohol 98-00-0 98.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Isopropanol 67-63-0 60.1 Tipping 
paper 
Air Huang et 
al., 2014 
Methanol 67—56-1 32.0 Cigarette 
filter 




107-98-2 90.1 Tipping 
paper 


























Water Zhao et al., 
2010; Green 





Water Zhao et al., 
2010 
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Water Zhao et al., 
2010 
Cotinine 486-56-6 176.2 Cigarette 
filter 




















Acetol 116-09-6 74.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Acetone 67-64-1 58.1 Tipping 
paper 
Air Huang et 
al., 2014 




Yu et al., 
2013 
Butyl acetate 123-86-4 116.2 Tipping 
paper 
Air Huang et 
al., 2014 
Cyclohexanone 108-94-1 98.1 Tipping 
paper 
Air Huang et 
al., 2014 
2-Pentanone 107-87-9 86.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
n-propanol 71-23-8 60.1 Tipping 
paper 
Air Huang et 
al., 2014 
n-propyl acetate 109-60-4 102.1 Tipping 
paper 
Air Huang et 
al., 2014 
Cyclopentanone 120-92-3 84.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
2-Cycopentenone 930-30-3 82.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
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108-10-1 100.2 Tipping 
paper 




591-78-6 100.2 Tipping 
paper 
Air Huang et 
al., 2014 
n-butyl alcohol 71-36-3 74.1 Tipping 
paper 
Air Huang et 
al., 2014 
Ethyl acetate 141-78-6 88.1 Tipping 
paper 
Air Huang et 
al., 2014 
3-Furaldehyde 498-60-2 96.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
2-Furaldehyde 98-01-1 96.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 




Yu et al., 
2013 
Isopropyl acetate 108-21-4 102.1 Tipping 
paper 
Air Huang et 
al., 2014 




Yu et al., 
2013 




Yu et al., 
2013 




Yu et al., 
2013 
Protoanemonin 108-28-1 96.08 Cigarette 
filter 








Yu et al., 
2013 




Yu et al., 
2013 




Yu et al., 
2013 
Stellenbosch University https://scholar.sun.ac.za
108 | P a g e  
 
Acetol Formate 116-09-6 74.1 Cigarette 
filter 








Air Fukuhara et 
al., 1985 
2,3-Pentanedione 600-14-6 100.1 Cigarette 
filter 









Ethyl Benzene 100-41-4 106.2 Cigarette 
filter 
Air Fukuhara et 
al., 1985; Ji 
et al., 2015 
Ethyl Benzene 100-41-4 106.2 Tipping 
paper 
Air Huang et 
al., 2014 
Benzene 71-43-2 78.1 Tipping 
paper 
Air Huang et 
al., 2014 
Benzene 71-43-2 78.1 Cigarette 
filter 




558-37-2 84.2 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Pyridine 110-86-1 79.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Cyanobenzene  100-47-0 103.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Cyclooctatetraene 629-20-9 104.2 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Isocapronitrile 542-54-1 97.2 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
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Toluene 108-88-3 92.1 Cigarette 
Filter 
Air Fukuhara et 
al., 1985; Ji 
et al., 2014 
Toluene 108-88-3 92.1 Tipping 
paper 
Air Huang et 
al., 1985 
p-Xylene 106-42-3 106.2 Cigarette 
filter 
Air Ji et al., 
2015 
m-Xylene 108-38-3 106.2 Cigarette 
filter 
Air Ji et al., 
2015 
m-Xylene 108-.8-3 106.2 Tipping 
paper 
Air Huang et 
al., 2014 
o-Xylene 95-47-6 106.2 Tipping 
paper  
Air Huang et 
al., 2014  
o-Xylene 95-47-6 106.2 Cigarette 
filter 
Air Ji et al., 
2015 
Styrene 100-42-5 104.2 Tipping 
paper 
Air Huang et 
al., 2014 
Styrene 100-42-5 104.2 Cigarette 
filter 














































































































































Wang et al., 
2007 
Stellenbosch University https://scholar.sun.ac.za





























et al., 2008; 
Huang et 
al., 2013; 


















































































Water Zhoa et al., 
2010 
 









et al., 2012 





et al., 2002 





et al., 2002 






Benzo[a]pyrene 50-32-8 252.3 Cigarette 
filter 
Water Zhao et al., 
2010 

















113 | P a g e  
 
































Hu et al., 
2015 




Hu et al., 
2015 




Hu et al., 
2015 




Hu et al., 
2015 




Hu et al., 
2015 




Hu et al., 
2015 
Rutin 153-18-4 610.5 Cigarette 
filter 
Water Zhao et al., 
2010 

















117-12-4 240.2 Cigarette 
filter 
Water Zhao et al., 
2010 
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Pyrazine 290-37-9 80.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
2-Methylpyrazine 109-08-0 94.1 Cigarette 
filter 





N-Methylpyrrole 96-54-8 81.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
Pyrrole 109-97-7 67.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
3-Methylpyrrole 616-43-3 81.1 Cigarette 
filter 
Air Fukuhara et 
al., 1985 
2-Methylpyrrole 636-41-9 81.1 Cigarette 
filter 







472-61-7 596.8 Cigarette 
filter 
Water Zhao et al., 
2010 
Stellenbosch University https://scholar.sun.ac.za
115 | P a g e  
 
Xanthophylls 127-40-2 568.9 Cigarette 
filter 






Air Fukuhara et 
al., 1985 
 
Terpenoids 
 
Solanesol 13190-
97-1 
631.1 Cigarette 
filter 
Extract 
solution 
Ashley et 
al., 2010; 
Brinkman et 
al., 2012; 
Polzin et 
al., 2009; 
Watson et 
al., 2004 
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